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Abstract 
 
Development of quantitative models of nonphotochemical quenching regulatory 
dynamics in Arabidopsis thaliana through the use of multi-period actinic light exposure 
measurements of chlorophyll fluorescence 
 
by 
 
Jonathan Michael Morris 
 
Doctor of Philosophy in Engineering – Applied Science & Technology 
 
University of California, Berkeley 
 
Professor Graham R. Fleming, Chair 
 
 
In photosynthesis, solar energy is absorbed and converted into chemical energy.  
Chlorophyll embedded in proteins absorb light and transfer excitation energy to reaction 
centers where charge separation occurs.  However, the solar flux incident on photosynthetic 
organisms is highly variable, requiring complex feedback systems to regulate the excitation 
pressure on reaction centers and prevent excess absorbed energy from causing damage.  
Upon exposure to transient high intensity light, processes to dissipate excess absorbed 
energy are activated.  This is routinely observed upon exposure of a photosynthetic sample 
to actinic light as the quenching of chlorophyll fluorescence, and often broadly referred to 
as non-photochemical quenching (NPQ).  Understanding NPQ and its regulation at a 
quantitative and mechanistic level is an important challenge for optimizing crop yields and 
design of biomimetic solar devices for energy harvesting. 
The regulation of NPQ allows for photosynthetic organisms to responds to changes in light 
intensity that occur on multiple timescales, from as little as a few seconds due to e.g. 
changes in shading of a leaf, to daily oscillations due to the position of the sun in the sky, 
and even seasonal oscillations.  Various biochemical regulators of NPQ have been 
identified from measurements of the chlorophyll fluorescence of model organisms upon 
chemical and genetic manipulation.   In vascular plants such as Arabidopsis thaliana, the 
rapidest regulation of NPQ is triggered by a pH gradient across the thylakoid membrane 
(∆pH) that is mediated by the PsbS protein.  ∆pH simultaneously regulates the 
concentration of various xanthophylls, that are thought to influence direct photochemical 
mechanisms of quenching via the chemical composition of pigment-protein complexes and 
structural aspects of pigment-protein complex fluctuations and membrane organizations.  
However, the various regulatory responses often depend on shared biochemical regulatory 
components, such as the accumulation of the carotenoid zeaxanthin or the presence of the 
pH-sensitive PsbS protein.  This makes distinguishing contributions of different regulatory 
responses to the overall response a challenging problem. 
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The biochemical regulation of NPQ ultimately activates photochemical mechanisms of 
energy dissipation, where excess solar energy absorbed by chromophores is dissipated via 
a non-radiative process to prevent photodamage.  Proposed mechanisms include the 
nonradiative decay of an excited state of xanthophylls, a xanthophyll radical cation 
formation and recombination, and chlorophyll-chlorophyll charge separation and 
recombination.  However, the electronic states of the chromophores proposed to be 
involved in energy dissipation indicate that even small fluctuations in the protein 
environment could preference which mechanisms are most favorable for any particular 
chromophore and therefore suggests that the quenching process is heterogeneous and 
dependent on a number of factors including protein conformation and membrane 
organization.  Therefore, understanding the mechanisms through which photosynthetic 
systems dissipate excess energy and regulate excitation pressure in response to variable 
light conditions requires extensive quantitative measurements and modeling of the 
photosynthetic system and energy dissipation.   
Developing a comprehensive understanding of the regulation of NPQ and the underlying 
photochemical mechanisms of energy dissipation is an challenging question in the study of 
NPQ and photosynthesis.  Although numerous elements of the regulatory response of NPQ 
have been identified, each of the elements of the regulatory response occur on various 
timescales that contribute to the overall response. What are the timescales of these 
regulatory responses?  What are the mechanisms of energy dissipation and which do 
various regulatory processes activate?  How much do these mechanisms contribute to the 
overall quenching response?  This work describes attempts to address these questions 
through the use of time correlated single photon counting (TCSPC) measurements of the 
chlorophyll fluorescence of Arabidopsis thaliana over multiple periods of exposure to high 
intensity actinic light and subsequent dark recovery to inform kinetic modeling of the 
regulation in order to attempt to distinguish features of the regulatory processes and 
connect the regulatory processes to proposed photochemical mechanisms of energy 
dissipation in a quantitative manner.  The work makes important steps toward the ability 
to incorporate energy dissipation into first principles models of the photosynthetic system 
that relate membrane scale models of energy transfer to experimental observations, and 
establishing predictive models of how modifications of the regulatory systems will 
influence the resulting quenching and yields of photosynthesis for the optimization of crop 
yields. 
Chapter 1 contains a review discussing efforts to model energy dissipation, or quenching, 
in Arabidopsis thaliana and their connections to models of regulatory systems that control 
quenching.  First, theory used to describe energy transfer and experimental data obtained 
to construct energy transfer models of the photosynthetic antenna system that underlie the 
interpretation of chlorophyll fluorescence quenching is reviewed.  Second, experimental 
evidence leading to proposed molecular mechanisms of quenching and the implications for 
modeling are discussed.  The initial incorporation of depictions of proposed mechanisms 
into quantitative energy transfer models is reviewed.  Finally, the necessity of connecting 
energy transfer models that include molecular models of quenching mechanisms with 
regulatory models is discussed. 
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Chapter 2 discusses experimental TCSPC measurements were performed on Arabidopsis 
thaliana to quantify the dependence of the response of NPQ to changes in light intensity 
on the presence and accumulation of zeaxanthin and lutein. Measurements were performed 
on wild type and mutant plants deficient in one or both of the xanthophylls, as well as a 
transgenic line that accumulates lutein via an engineered lutein epoxide cycle. Changes in 
the response of NPQ to light acclimation in wild type and mutant plants were observed 
between two successive light acclimation cycles, suggesting that the character of the rapid 
and reversible response of NPQ in fully dark-acclimated plants is substantially different 
than in conditions plants are likely to experience due to changes in light intensity during 
daylight. Mathematical models of the response of zeaxanthin- and lutein-dependent 
reversible NPQ were constructed that accurately describe the observed differences between 
the light acclimation periods. Finally, the wild-type response of NPQ was reconstructed 
from isolated components present in mutant plants with a single common scaling factor, 
which enabled deconvolution of the relative contributions of zeaxanthin- and lutein-
dependent NPQ.  
Chapter 3 discuses measurements undertaken In order to simultaneously resolve timescales 
of regulatory processes operating on different timescales, but with shared biochemical 
regulators, TCSPC measurements were performed on several Arabidopsis thaliana mutants 
during periodic actinic light exposure.  Over successive periods of actinic light, TCSPC 
measurements show distinct intra-period and inter-period dynamics and demonstrate 
complex roles of the biochemical regulators PsbS and zeaxanthin in both fast and slow 
timescale responses of NPQ.  Comparison between mutant lines suggests evidence of a 
role of PsbS in the longer timescale quenching response not previously emphasized.  
Finally, a mathematical model was constructed demonstrating how short timescale, rapidly 
reversible quenching processes and longer timescale quenching processes combine to 
produce the overall quenching response.   
Chapter 4 discusses aspects of analyzing and interpreting snapshot fluorescence lifetime 
data obtained from in vivo samples using complex actinic exposure patterns to probe and 
quantify aspects of the regulatory response of quenching.  First, a technique involving 
interleaving data from measurements on separate leaves to achieve increased actinic 
timescale resolution is discussed, including the application of filters to remove artifacts of 
leaf-to-leave systematic variability that introduce high frequency oscillation in the data.  
Second, the application of singular value decomposition on complex data sets for validation 
and filtering is discussed. 
Chapter 5 summarizes conclusions of this work and provides an outlook towards future 
steps necessary for the optimization of crop yields.
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Chapter 1: Quantitative modeling of energy dissipation in 
Arabidopsis thaliana 
This chapter reproduces a review article entitled “Quantitative modeling of energy dissipation in 
Arabidopsis thaliana” by J.M. Morris and G.R. Fleming, appearing in Environmental and 
Experimental Botany 154:99-109 (2018).   
This work introduces many important aspects of the study of nonphotochemical quenching 
(NPQ) that are necessary for current efforts to comprehensively and quantitatively model energy 
dissipation, or quenching, in Arabidopsis thaliana and the regulatory systems that control 
quenching.   
Understanding the meaning of measurements of chlorophyll fluorescence relies on 
underlying theory of energy transfer in the photosynthetic membrane.  Two historical limits are 
the “lake” and “puddle” models that describe the connectivity of the photosynthetic antenna that 
absorbs solar energy and the reaction centers where productive photochemistry occurs.  In one 
limit,  each reaction center is surrounded by its own antenna, disconnected from the antenna of 
other reaction centers, as if the photosynthetic membrane consisted of a set of “puddles.”  In the 
other limit, each reaction center is embedded in a “lake” and excitation absorbed in the antenna 
can reach a number of reaction centers.  The choice of model therefore has important consequences 
for the interpretation of how quenching mechanisms result in the quenching.   
Recent developments, relying on advancements in supercomputing, allow large scale 
models of energy transfer networks that can describe the photosynthetic membrane system 
quantitatively, improving upon these historical limits.  The construction these models relies on 
experimental data of the structure of photosynthesis pigment protein complexes, the 
photosynthetic membrane, and energy transfer.  These aspects are reviewed to provide context for 
the interpretation and analysis of experimental and modeling work performed in this work. 
Within these models, quenching sites can be incorporated to describe the dissipation excess 
energy that results in the observed quenching of chlorophyll fluorescence.  Experimental evidence 
leading to proposed molecular mechanisms of quenching and the implications for modeling are 
therefore discussed, providing a foundation for the connections between the observations of the 
regulatory dynamics of quenching and the construction of models in later chapters.   
Finally, the initial incorporation of depictions of proposed mechanisms into quantitative 
energy transfer models is reviewed and the necessity of connecting energy transfer models that 
include molecular models of quenching mechanisms with regulatory models is discussed.  This 
provides important context and motivation for the development of regulatory models, informed by 
understanding of the energy transfer networks, the structural dynamics of pigment-protein 
complex and membrane organization, mechanisms of quenching, and biochemical regulatory 
cycles that constitute the bulk of this work. 
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Abstract 
In photosynthesis, solar energy is absorbed and converted into chemical energy.  Chlorophyll 
embedded in proteins absorb light and transfer excitation energy to reaction centers where charge 
separation occurs.  However, the solar flux incident on photosynthetic organisms is highly 
variable, requiring complex feedback systems to regulate the excitation pressure on reaction 
centers and prevent excess absorbed energy from causing damage.  During periods of transient 
high light, excess absorbed energy is dissipated as heat.  This is routinely observed as the 
quenching of chlorophyll fluorescence, and often broadly referred to as non-photochemical 
quenching (NPQ).  Understanding the mechanisms through which photosynthetic systems 
dissipate excess energy and regulate excitation pressure in response to variable light conditions 
requires extensive quantitative modeling of the photosynthetic system and energy dissipation to 
interpret experimental observations.  This review discusses efforts to model energy dissipation, or 
quenching, in Arabidopsis thaliana and their connections to models of regulatory systems that 
control quenching.  We begin with a review of theory used to describe energy transfer and 
experimental data obtained to construct energy transfer models of the photosynthetic antenna 
system that underlie the interpretation of chlorophyll fluorescence quenching.  Second, 
experimental evidence leading to proposed molecular mechanisms of quenching and the 
implications for modeling are discussed.  The initial incorporation of depictions of proposed 
mechanisms into quantitative energy transfer models is reviewed.  Finally, the necessity of 
connecting energy transfer models that include molecular models of quenching mechanisms with 
regulatory models is discussed. 
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1. Introduction 
Photosynthesis is the process by which organisms absorb sunlight to drive electron transfer and 
energy storage, but excess sunlight can damage the organism (Blankenship, 2014).  The natural 
fluctuations in light intensity experienced by plants require processes that dissipate energy 
absorbed in excess of what can be used productively, and that can be rapidly optimized to the light 
condition (Külheim et al., 2002).  Of the two photosystems in higher plants, photoprotection in 
photosystem II (PSII) has been extensively studied.  The suite of dissipative, or photoprotective, 
mechanisms that protect PSII collectively result in, and are referred to as, non-photochemical 
quenching (NPQ): the reduction in chlorophyll a fluorescence yield due to dissipation of excess 
excitation by mechanisms other than photochemistry (Demmig-Adams and Adams III, 1992; 
Niyogi, 1999; Ruban, 2016). 
NPQ is a broad term encompassing several constituent components often separated into qE, 
the rapidly reversible, energy-dependent (pH-dependent) quenching component, and qI, the slowly 
reversible component associated with PSII photoinhibition (Krause and Weis, 1991; van Kooten 
and Snel, 1990; Wraight and Crofts, 1970).  Although important in many photosynthetic systems, 
qT, a component of NPQ associated with excitation balance between PSI and PSII by altering the 
relative antenna size, does not contribute significantly in vascular plants, such as Arabidopsis 
thaliana, exposed to high light (Niyogi, 1999).  qE and another related NPQ component termed qZ 
(Nilkens et al., 2010) have been the subject of intense study.  While there is little consensus 
surrounding the numerous proposed molecular mechanisms (Duffy and Ruban, 2015) underlying 
the quenching pathways intrinsic to NPQ in PSII, many elements of the regulation of 
photoprotection are widely agreed upon (Demmig-Adams et al., 2014).  Modeling (Laisk et al., 
2009) the proposed mechanisms in the context of the photosynthetic energy transfer network and 
in the context of the regulatory system provides a powerful way to evaluate whether, and in what 
way, proposed mechanisms play a role in dissipating energy to protect the photosynthetic solar 
collection apparatus.  
One approach to modeling quenching in the photosynthetic system is to construct a model 
capable of predicting experimental measurements, including, e.g., of the fluorescence lifetimes of 
the in vivo system, from quantum and statistical mechanical first principles, structural and 
spectroscopic data of individual pigments and pigment protein complexes, and membrane imaging 
(Amarnath et al., 2016).  A model must be capable of appropriate treatment of the absorption of 
light by antenna (Müh et al., 2010; Müh and Renger, 2012; Renger et al., 2011), the transfer of 
energy to reaction centers (Bennett et al., 2013), and the charge separation process (Novoderezhkin 
et al., 2011b) to provide a system in which various mechanisms of quenching can be evaluated.  
Absorption, energy transfer, and charge separation are fundamentally quantum mechanical in their 
nature.  However, to provide a physically meaningful picture, a model must span length scales 
from angstroms to hundreds of nanometers.  To do so requires multiscale modeling and course 
graining by making appropriate approximations to simplify much of the quantum dynamical 
calculations; treating the entire system quantum mechanically is impractical, even for modern 
supercomputers (Kreisbeck and Aspuru-Guzik, 2016).  Fortunately, a number of approximations 
can be made to allow for a model that contains enough of the quantum mechanical features to 
adequately represent the system.  Even so, an accurate model of the system must still integrate data 
from numerous areas of photosynthesis, making the building of accurate models challenging. 
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A second area of study that incorporates modeling is the regulatory function of the plant 
systems that controls the extent of quenching in the photosynthetic antenna  (Zaks et al., 2012).  
The regulatory system operates on timescales from seconds to the lifespan of the plant, but the 
timescales of greatest interest for regulating the rapid response include changes in the chemical 
environment of the thylakoid membrane over timescales of seconds to minutes.  Current 
knowledge indicates that a fundamental trigger for inducing quenching is the formation of a 
transthylakoid pH gradient that, in turn, activates various proteins that influence the actual 
quenching (Ruban et al., 2012). One of these is the enzyme violaxanthin de-epoxidase that converts 
violaxanthin to antheraxanthin and zeaxanthin on a timescale of a few minutes when intrathylakoid 
pH is low (Jahns et al., 2009).  These xanthophylls are important players in the molecular 
mechanisms of quenching and play a number of roles in the pigment protein complexes that effect 
the ultrafast dynamics of energy transfer.  Chemical regulatory models seek to describe 
quantitatively how the multiple components contribute to the plant system’s regulatory response 
that controls the quenching. 
Important open questions include the importance of various quenching mechanisms 
identified experimentally, and models of how the biochemical regulatory systems control the 
activation of potential quenching mechanisms.  The dynamic nature of the light incident on plants 
(Külheim et al., 2002) may imply that various mechanisms could play important roles at different 
times of day or in different patterns of light variability, suggesting that integrated models of the 
quenching processes and the regulatory response are key for insight into the potential for 
optimization (Zhu et al., 2004) of various elements of the quenching mechanisms and regulatory 
system in order to increase crop yields (Kromdijk et al., 2016) or design biomimetic solar energy 
devices (Terazono et al., 2011).  This review focuses on efforts to model energy dissipation 
mechanisms using multiscale models that integrate the understanding of structure and function of 
energy-transfer networks, quenching mechanisms, and chemical regulatory systems that are all 
necessary for developing the level of understanding and tools required to eventually begin 
engineering quenching systems. 
2. Models of Energy Transfer for Evaluating Quenching Mechanisms 
Upon absorption of a photon by a chlorophyll molecule in the photosynthetic system, the energy 
absorbed may be transferred to reaction centers where charge separation occurs that drives down-
stream chemical reactions.  When reaction centers are unable to productively accept the energy 
absorbed by antenna chlorophyll, the photosynthetic system must dissipate the excess energy to 
prevent unwanted generation of reactive oxygen species. 
Historically, the flow of energy through the system has been described using either “lake” 
or “puddle” models (Robinson, 1967) that describe transfer within the antenna and to the reaction 
centers.  In a lake model, reaction centers sit embedded in a common pool of antenna; in a puddle 
model, each reaction center has its own antenna.  Intermediate cases were described using a variety 
of connected unit (Lavorel and Joliot, 1972) and domain models (Den Hollander et al., 1983; 
Paillotin et al., 1979) to define or model transfer within and between antennas and reaction centers.  
These types of models still implicitly facilitate the interpretation of many studies of quenching 
behavior, and provide intuition about the photosynthetic system, but are unsuitable for 
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quantitatively evaluating molecular mechanisms and models of quenching as it is difficult to 
distinguish between these models with experimental data (Bernhardt and Trissl, 1999). 
In order to accurately describe the energy transfer process in a quantitative model, 
appropriate theories to describe the processes involved as well as information about the parameters 
of the photosynthetic system are required.  The theories and data necessary to develop the 
parameters have all been areas of intense study, spanning from electronic structure of chlorophyll 
molecules that serve as the primary molecule used to capture photons in individual pigment-protein 
complexes to the mesoscopic structure of the photosynthetic membrane.  These elements can be 
integrated into a mathematical description of the energy-transfer network that allows for a 
quantitative prediction of the behavior of absorbed photons and, in turn, predictions of 
experimental observables such as the fluorescence lifetimes of a photosynthetic system under 
varying conditions.  The most recent efforts build upon many years of work. 
2.1 Models of Energy Transfer Processes 
For very simple quantum mechanical systems, such as an isolated atom, all the information 
necessary to describe the time evolution of the system can be contained in a mathematical operator 
called the Hamiltonian (Atkins and Friedman, 2011).  However, even for systems as simple as a 
single molecule in solution, much of the information in the Hamiltonian cannot be specified 
exactly, and therefore describing the time evolution requires a statistical approach.  A common 
approach is to partition the complete description into a system of interest and average over the 
remaining environment (Mukamel, 1995).  To describe energy transfer in pigment-protein 
complexes of the photosynthetic system, the system of interest commonly includes chlorophyll 
molecules, or chromophores, where energy in the system is absorbed and can flow towards where 
charge separation occurs.  The environment usually consists of the protein matrix that holds the 
chromophores and surrounding solvent (van Amerongen et al., 2000). 
A fundamental concept used to describe electronic excitations is the exciton, a term 
describing excitation that may be delocalized, or spread, across more than one molecule due to 
electronic coupling between the molecules (Scholes and Rumbles, 2006).  Although this is 
applicable to a wide range of semiconductor and molecular systems, excitons in photosynthetic 
systems delocalize over one or a few chromophores due to differences in the strength of electronic 
interactions within a chromophore and those between neighboring chromophores.  This allows for 
the construction of a relatively simple quantum mechanical model that treats each chromophore as 
a “site” where a share of the exciton can be located (Fassioli et al., 2014). 
The energy gap between the ground and excited electronic state in a specific sites is referred 
to as the site energy (Cheng and Fleming, 2009; Hu et al., 2002; Mirkovic et al., 2017; Renger et 
al., 2001).  In an ensemble, similar sites generally exhibit a distribution of energy gaps.  When a 
site is excited, energy is stored in the system.  The transfer of excitation between sites can then be 
described quantitatively using an appropriate mathematical treatment.  Two essential parameters 
for determining the appropriate model are the electronic coupling, or interaction energy, between 
chromophores and the coupling to the surrounding protein and solvent environment, or 
reorganization energy.  Together, the site energies and the interaction energies between sites 
comprise the system Hamiltonian, while the reorganization energy describing the coupling to the 
environment is contained in the system-environment Hamiltonian.  Large and small values of the 
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ratio between the interaction energy and the reorganization energy define two limits of a more 
complete theory of energy transfer. 
In one limit, that of weak interaction energy between chromophores relative to the 
reorganization energy of the environment, the system can be described by the Förster theory of 
energy transfer (Förster, 1948) that underlies many measures of distance in biological applications.  
Förster theory is a perturbative treatment that exploits that the ratio of the interaction energy to the 
reorganization energy is small and results in a well-defined rate constant to describe the energy 
transfer.  In the opposite limit, with a large interaction energy relative to the reorganization energy, 
the wave-like quantum nature of energy transfer must be accounted for, as energy moves freely 
through the system with wave-like coherence.  In wave-like transfer, constructive interference of 
multiple waves determines the location of the energy.  As the wave-like coherence decays, the 
energy stops flowing through the system, transferring the energy from one location to another.  In 
this limit, another perturbative treatment called Redfield theory (Redfield, 1957) can be used to 
describe the energy transfer and results in a quantum master equation that accounts for the 
wavelike nature of the energy transfer. 
However, in practice, the photosynthetic system is not well described be either limit 
individually (Ishizaki and Fleming, 2009a) due to the varying distances and energy scales 
involved.  One example is in the simple model photosynthesis pigment protein complex, the 
Fenna-Matthews-Olson (FMO) complex (Fenna and Matthews, 1975), that has been found to have 
similar electronic couplings and reorganization energies using a variety of spectroscopic (Brixner 
et al., 2005; Cho et al., 2005) and structural (Vulto et al., 1998) information.  Various methods 
exist to improve upon the perturbative treatments and extend the quantitative accuracy of the 
results further from the original cases of the limits and describe multichromophoric systems (Jang 
et al., 2004, 2002; Scholes et al., 2001; Sumi, 1999; Yang and Fleming, 2002; Zhang et al., 1998).  
A non-perturbative method that is valid over the full range of values of the parameters is the 
hierarchy equations of motion (Ishizaki and Fleming, 2009b).  Nonperturbative techniques have 
been successfully applied to small photosynthetic systems (Ishizaki and Fleming, 2009c; Wilkins 
and Dattani, 2015), but it is not feasible to describe a system large enough to represent the 
photosynthetic membrane using non-perturbative methods (Strümpfer and Schulten, 2012).  A 
simpler model based firmly on accurate microscopic theory is necessary for understanding the 
design principles of the photosynthetic system. 
A viable approach is to use multiscale modeling to apply appropriate extensions of the perturbative 
techniques at different length scales.  This allows not only for the employment of a tractable 
computational treatment of the photosynthetic system, but also for an intuitive understanding of 
the system.  Of these extensions of the original Förster and Redfield theories, two are most 
important for developing models practicable at length scales required to realistically describe the 
photosynthetic system.  These extension are the generalized Förster theory, which accounts for 
delocalization of the exciton (Jang et al., 2004; Scholes et al., 2001; Sumi, 1999), and modified 
Redfield theory, which treats only a subset of the couplings to the environment fluctuations 
perturbative to extend the range of validity (Yang and Fleming, 2002; Zhang et al., 1998).  These 
extensions have been successfully combined in course-grained domain modes of individual higher 
plant pigment protein complexes (Novoderezhkin et al., 2011a) and supercomplexes (Bennett et 
al., 2013; Raszewski and Renger, 2008) to predict observed spectra.  Coarse graining into domains 
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serves to average over the fast dynamics that require sophisticated treatments to describe 
accurately and results in a classical rate matrix that accurately describes the longer timescale 
dynamics most relevant to the fluorescence lifetimes used to study quenching.  The latter approach 
has been validated against non-perturbative methods used to describe portions of the PSII 
supercomplex (Kreisbeck and Aspuru-Guzik, 2016; Roden et al., 2016).  The course-grained 
model has been extended to the mesoscopic size necessary to realistically describe the observable 
fluorescence lifetimes of thylakoid membranes or intact leaves used to study quenching (Amarnath 
et al., 2016).  A schematic of the relevant time and length scales of energy transfer processes and 
decay processes described by the various levels of theory is provided in Figure 1. 
 
 
Figure 1. Semi-quantitative schematic depiction of time and length scales associated with various 
processes of energy transfer, charge transfer, and decay processes.  Overlapping timescales of 
energy transfer between chlorophylls span rapid intra-domain electronic energy transfer (EET) 
within domains of closely spaced chlorophylls to long range inter-domain EET between adjacent 
domains of chlorophylls.  Fluorescence decay occurs on the nanosecond timescale, with energy 
often diffusing many nanometers before charge separation at the reaction center 
or fluorescence.  When quenching sites are active, energy and charge transfer to non-radiative 
quenching sites are suggested to occur at similar distances from neighboring 
chlorophyll.  Quenching sites dissipate energy through non-radiative decay on timescales much 
faster than chlorophyll fluorescence. 
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2.2 Spectroscopic and Structural Determination of Parameters for Energy Transfer Models 
In order to employ a model of the energy-transfer process to quantitatively describe fluorescence 
lifetimes, a number of components are required.  Broadly, these fit into two categories: first, 
composition and arrangement of the pigment-protein complexes in the photosynthetic membrane, 
and second, a combination of accurate structural models of individual pigment-protein complexes, 
the complementary system Hamiltonians, and the nature of the system-environment coupling.  
Membrane organization can be determined via either imaging or statistical mechanical descriptions 
of the interactions between the pigment-protein complexes in the membrane (Schneider and 
Geissler, 2013a, 2013b).  For the parameters describing the parameters of individual pigment-
protein complexes, close combination of the structure determined via either x-ray crystallography, 
single-particle cryo-electron microscopy, spectroscopic data, and theory are required to determine 
the full set of parameters.  These methods have been co-developed, with each improved iteration 
of one contribution informing the other’s interpretation and analysis. 
An example of studies that have focused on the structure-function relationship of an 
individual pigment-protein complex to inform models applicable to plants such as A. thaliana is 
the light harvesting complex II (LHCII) antenna that has been studied extensively via structural 
studies (Kühlbrandt, 1988; Kühlbrandt et al., 1994; Kühlbrandt and Wang, 1991; Liu et al., 2004; 
Standfuss et al., 2005), spectroscopic studies (Agarwal et al., 2000; Bittner et al., 1995, 1994; 
Calhoun et al., 2009; Connelly et al., 1997; Eads et al., 1989; Kleima et al., 1997; Kwa et al., 1992; 
Lewis et al., 2016; Remelli et al., 1999; Rogl and Kühlbrandt, 1999; Salverda et al., 2003; Schlau-
Cohen et al., 2009; Visser et al., 1996; Yang et al., 1999), and theoretical treatments (Gradinaru et 
al., 1998; Gülen et al., 1997; İşeri and Gülen, 2001; Novoderezhkin et al., 2005, 2004, 2003; 
Trinkunas et al., 1997), resulting in steadily improving determinations of the parameters of the 
Hamiltonian.  Initially, structural determinations of LHCII did not have sufficient resolution to 
determine chlorophyll site assignments or chlorophyll orientation (Kühlbrandt, 1988; Kühlbrandt 
and Wang, 1991).  Instead, the structures only revealed generic tetrapyrrole rings.  Contemporary 
time-resolved spectroscopic studies demonstrated that various theoretical treatments that assumed 
only Förster-type energy transfer failed to predict the spectroscopic data from the structural data 
(Bittner et al., 1995, 1994; Eads et al., 1989; Kwa et al., 1992).   
Subsequent crystallography experiments made tentative assignments (Kühlbrandt et al., 
1994), and spectroscopic studies attempted to verify them via measurement of chlorophyll a to b 
transfer (Connelly et al., 1997; Kleima et al., 1997; Visser et al., 1996).  Models attempted to refine 
assignments and dipole orientations in order to connect the structural and spectroscopic data 
employing Förster-type transfer with some complications of compartments (Gradinaru et al., 1998; 
Gülen et al., 1997; Trinkunas et al., 1997).  Site directed mutagenesis (modifying individual amino 
acids near chlorophyll sites to disrupt chlorophyll binding) was used in an attempt to refine the 
assignments of chlorophyll a vs. b and the orientation of the Qy transition dipoles (Remelli et al., 
1999; Rogl and Kühlbrandt, 1999; Yang et al., 1999).  These studies reported varying results and 
raised the possibility of mixed chlorophyll a or b binding sites.  Subsequent high resolution crystal 
structures have largely resolved this controversy.  The high resolution structures are able to resolve 
the C7-formyl group of chlorophyll b from the C7-methyl group of chlorophyll a and do not 
observe mixed binding sites (Liu et al., 2004). 
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Application of photon echo techniques to examine energy transfer in pigment protein 
complexes overcame significant inhomogeneous broadening, or disorder, and allowed accurate 
determination of energy transfer rates and evaluation of models (Agarwal et al., 2000; Salverda et 
al., 2003).  Simultaneous fits incorporating these data were performed to evaluate models based 
on Redfield-type energy transfer (Novoderezhkin et al., 2004, 2003), which resulted in much better 
fits of the observed data than previous attempts and demonstrated the necessity of a proper 
treatment of the energy transfer mechanism.  However, these efforts still relied on fitting using a 
mixed site assumption.  Subsequent full two-dimensional electronic spectroscopy (Calhoun et al., 
2009; Schlau-Cohen et al., 2009) were able to evaluate site energies and couplings directly.  
Quantum and electrostatic calculations (Novoderezhkin et al., 2005) based on the high resolution 
crystallographic structures (Liu et al., 2004) were able to resolve many of the inadequacies of 
previous modeling efforts and compared well to parameters determined from two-dimensional 
spectra.  Continued efforts seek to directly measure energy transfer in space, without the need of 
a model, through connecting the electronic spectrum to spatial vibrational tags to independently 
verify the conclusions (Lewis et al., 2016). 
In many cases, including LHCII, similarities between different species’ pigment protein 
complexes are exploited to determine complete sets of parameters for the pigment protein 
complexes.  Much of the work has focused on the complexes associated with PSII due to the 
importance of photoprotection of PSII.  One example is the reaction center core, which is well 
conserved from cyanobacteria to higher plants, thus allowing use of a model determined from 
cyanobacteria’s reaction center core (Raszewski et al., 2008, 2005).  The reaction center core 
includes the reaction center chlorophylls, where charge separation occurs, and that serve as sinks 
for energy absorbed by and transferred from the antennae.  The minor complexes, including CP43, 
CP47, and CP29, are also described by well-developed models, with spectroscopic and structural 
data obtained from complexes isolated from spinach (Müh et al., 2012; Pan et al., 2011; Raszewski 
and Renger, 2008).   
3. Mechanistic Modeling of Quenching 
With well-developed models of energy transfer and many of the individual pigment protein 
complexes parameterized, many of the tools necessary to evaluate mechanistic models of 
quenching exist.  A number of potential mechanisms for the rapidly inducible quenching that 
protects PSII have been proposed, and it seems likely that no single mechanism dominates the 
quenching.  Broadly, many of the proposed molecular mechanisms involve either interactions 
between a chlorophyll and a xanthophyll or interactions between a pair of chlorophylls.  A current 
challenge is to incorporate these mechanisms into models of energy migration in pigment-protein 
complexes. 
3.1 Proposed Quenching Mechanisms 
Proposed mechanisms involving xanthophylls are promising due to the short lifetime of the S1 
excited state, which is similar in energy to the Qy state of chlorophyll.  This suggests that energy 
could be easily transferred from chlorophylls to the xanthophylls and rapidly dissipated.  However, 
the strong coupling between a chlorophyll and xanthophyll can also result in a charge transfer state 
that is similar in energy to the Qy state.  This finding suggests that a charge transfer and 
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recombination process could also be a viable molecular mechanism for energy dissipation.  Study 
of these mechanisms has resulted in several points of contention – over whether quenching occurs 
via an energy transfer mechanism, an electron transfer mechanism, or both, which types of 
xanthophylls are involved, and in which pigment-protein complexes the dissipation occurs.  Many 
of these issues are reviewed by Duffy and Ruban (Duffy and Ruban, 2015) and Jahns and 
Holzwarth (Jahns and Holzwarth, 2012). 
One of the xanthophylls proposed to be involved in the mechanism of quenching is 
zeaxanthin, which accumulates upon exposure to high light upon two sequential de-epoxidations 
from violaxanthin and antheraxanthin via the enzyme violaxanthin de-epoxidase.  An early 
proposed mechanism was that de-epoxidation lowered the energy of the S1 state from above to 
below chlorophylls’ Qy state, thereby making energy transfer to zeaxanthin favorable and 
explaining both the observed chemical regulatory behavior and the molecular mechanism (Frank 
et al., 1997; Frank and Cogdell, 1996).  However, it was later found experimentally that the S1 
energies of violaxanthin, antheraxanthin, and zeaxanthin were all below that of chlorophyll, both 
in solution (Frank et al., 2000; Polívka et al., 1999) and in LHCII (Polívka et al., 2002), 
necessitating further study.   
Calculations of the excited-state energies of a chlorophyll-zeaxanthin dimer and a 
chlorophyll-violaxanthin dimer using a hybrid of time-dependent density functional theory (TD-
DFT) (Runge and Gross, 1984) under the Tamm-Dancoff Approximation (TDA) (Hirata and 
Head-Gordon, 1999) and the configuration interaction singles (CIS) method (Foresman et al., 
1992) suggest that the S1 state and charge transfer state are both similar in energy to the chlorophyll 
Qy state for the zeaxanthin complex, but that only the charge transfer state is similar in energy for 
the violaxanthin complex (Dreuw et al., 2005, 2003a, 2003b).  The relative energies calculated for 
a single orientation are distance dependent, suggesting that some combination of the proposed 
mechanisms is possible, depending on details of the protein conformation and fluctuations in the 
protein matrix.  A plot of the energies of zeaxanthin-chlorophyll charge transfer, zeaxanthin S1, 
S2, and chlorophyll a Qy state as a function of separation distance between the chromophores is 
shown in Figure 2.  Experimental evidence for both possibilities has been reported: The presence 
of a zeaxanthin radical cation signal was detected experimentally via transient absorption studies 
and localized to the minor antenna complexes (Ahn et al., 2008; Avenson et al., 2008; Holt et al., 
2005), while direct two photon excitation of the forbidden S1 state of zeaxanthin indicates excitonic 
energy transfer between zeaxanthin and chlorophyll molecules (Bode et al., 2009; Holleboom and 
Walla, 2014). 
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Figure 2.  Potential energies of ground (magenta) and excited states (red, charge transfer states; 
green chlorophyll a excitonic states; blue, zeaxanthin excitonic states) of the zeaxanthin-
chlorophyll dimer as a function of separation distances.  This figure was originally published in A. 
Dreuw, G.R. Fleming and M. Head-Gordon, Biochem. Soc. Trans. 33(4):858-862 (2005). 
 
A second proposed mechanism involves the xanthophyll lutein.  Beginning with studies on 
zeaxanthin-deficient mutants, it has long been proposed that lutein can either play a direct role in 
the quenching process (Niyogi et al., 1997), or may indirectly contribute to the efficacy of another 
direct quenching mechanism (Pogson et al., 1998), possibly through a role in the structural 
organization of LHCII and the PSII antenna size (Lokstein et al., 2002).  In isolated LHCII lacking 
zeaxanthin, the comparison of the kinetics of transient absorption measurements between the 
quenched and unquenched states support an energy transfer process to a carotenoid S1 state, similar 
to the two photon excitation experiments, but since zeaxanthin is not present, the S1 state is 
attributed to lutein due to a correspondence between the maximum bleach in the carotenoid triplet 
spectrum and lutein (Ruban et al., 2007).  Additional experiments support the proposal that this is 
due to a conformational change in LHCII (Ilioaia et al., 2008) that could be moderated by the 
conversion of violaxanthin to zeaxanthin (Horton et al., 1991; Pascal et al., 2005; Ruban and 
Johnson, 2010).  
In addition to the proposed energy transfer mechanism involving lutein, evidence has also 
been found for a lutein radical cation signal in mutants of A. thaliana lacking zeaxanthin, but 
overexpressing lutein (Li et al., 2009), as well as in reconstituted minor antenna complexes when 
zeaxanthin is present (Avenson et al., 2009).  This suggests that either lutein can replace zeaxanthin 
in this radical cation mechanism, that both quenching mechanisms could contribute 
 12 
simultaneously, or that zeaxanthin functions as an allosteric regulator for the lutein charge transfer 
quenching mechanisms.  Evidence of both an energy transfer mechanism and a charge transfer 
mechanism indicate that lutein can play some role in the molecular mechanism of quenching. 
In addition to the proposal that zeaxanthin modulates quenching, first hypothesized to 
occur via dimer formation and later as a charge transfer and recombination process (Horton et al., 
1999), yet another proposed mechanism of quenching involves chlorophyll-chlorophyll 
interactions in LHCII.   Transient absorption data subjected to global target analysis (van Stokkum 
et al., 2004) found species-associated spectra that do not support energy transfer to a carotenoid 
such as lutein in quenched LHCII oligomers deficient in zeaxanthin under annihilation-free 
experimental conditions (Müller et al., 2010).  Instead, species-associated spectra are attributed to 
quenching via a chlorophyll-chlorophyll charge transfer state, in view of enhancement in the far-
red portion of the spectra (Miloslavina et al., 2008).  Recent work suggests that considering 
exciton-exciton annihilation, a process by which two excitons combine and then rapidly decay, 
may be necessary to explain the discrepancies between work that demonstrates chlorophyll-
xanthophyll and chlorophyll-chlorophyll interactions as potential quenching mechanisms (van 
Oort et al., 2018). 
Much of the work demonstrating potential molecular mechanisms acknowledges that 
multiple mechanisms may be present and work in parallel in the intact plant system.  Single-
molecule experiments provide a way to observe the function of pigment-protein complexes 
without the heterogeneity inherent to ensemble measurements (Kondo et al., 2017a).  Under 
variable light, algae and mosses possess a pigment-protein complex that is well suited for single 
molecule fluorescence lifetime experiments called LHCSR (Peers et al., 2009).  LHCSR is 
essential for the quenching response and performs both the regulatory function of sensing pH and 
the quenching itself (Liguori et al., 2016, 2013).   In plants, these functions are distributed between 
several proteins, making it difficult to ensure that single molecule fluorescence lifetime studies 
observing two quenching states of LHCII monomers (Schlau-Cohen et al., 2015) are representative 
of in vivo conditions.  Single-molecule fluorescence lifetime studies indicate that two distinct 
quenched states of LHCSR1 exist, with the probability of finding the protein in each state and the 
transition rate (up to 3.4 s-1) influenced independently by the regulatory factors pH and presence 
of zeaxanthin (Kondo et al., 2017b). A representative schematic of the potential energy surface 
along two coordinates showing a change in barrier height that would result in an increased 
transition rate and a change in preferred conformation subject to control by xanthophyll content 
and pH is shown in Figure 3. 
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Figure 3.  Representative illustration of the free-energy landscape of LHCSR1, a single protein 
pH sensor and quenching pigment-protein complex. (a) Contour plot showing three minima as a 
function of two nuclear coordinates.  (b) Cuts along each coordinate displaying the change in 
surface due to changes in xanthophyll and pH that result in smaller barriers between states and a 
change in the lowest energy conformation. (c) comparison of barrier heights between 
conformational states of a non-quenching pigment-protein complex LHCB1.  Reprinted by 
permission of Springer Nature: T. Kondo et al. Nature Chemistry 9(8):772-778 (2017). 
The rapid rates of transition suggest that the various states are energetically similar and 
arise from only small conformational changes.  Even small changes in orientation and distance 
could modulate the couplings and energies of different energetically similar excited and charge 
transfer states in chlorophylls or carotenoids (Dreuw et al., 2005, 2003a, 2003b).  Subsequent 
evidence from similar studies on LHCIIs extracted from various mutant plants emphasizes that the 
transition rate is influenced by which carotenoid is present in LHCIIs, but the character of the 
quenched states observed are independent of the carotenoid present (Tutkus et al., 2017), further 
suggesting that quenching occurs heterogeneously and in agreement with single molecule 
fluorescence intensity measurements (Krüger et al., 2012). In ensemble measurements, the 
presence of a particular signal (such as the carotenoid radical cation, carotenoid S1 excited state 
absorption, or far-red chlorophyll-chlorophyll charge transfer signals) may indicate that all of these 
mechanisms are involved in some way.  However, addressing the roles they play in the overall 
plant photosynthetic system – inaccessible to a single molecule experiment – requires integrating 
information into a quantitative model to effectively evaluate the roles of mechanisms proposed 
upon observation of characteristic signals.   
3.2 Incorporating Quenching Mechanisms into Energy Transfer Models 
Incorporating the mechanisms described in Section 3.1 into energy transfer models of the 
photosynthetic antenna system and membrane allows an evaluation of how well the proposed 
mechanism, and the parameters identified from multiple experiments on isolated elements, can 
reproduce the experimentally observable decrease in fluorescence of the intact photosynthetic 
membrane.  A first step is to accurately determine energies of the S1 or dimer charge transfer states 
and their electronic couplings to neighboring chromophores that reflect the molecular 
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configuration and environment within the pigment-protein complex.  The rates at which excitons 
are transferred into a dissipative state can then be calculated. 
Although the energies of the excited states of carotenoids can be calculated reasonably 
accurately with common methods for electronic structure calculations (Dreuw et al., 2005, 2003a, 
2003b), likely to a fortuitous cancellation of errors (Starcke et al., 2006), it is difficult to calculate 
the charge distributions of the excited states of the carotenoids accurately due to their two-electron 
character and the strong interactions between electrons (Macernis et al., 2012; Schulten et al., 
1976; Starcke et al., 2006).  As a result, determining the electronic couplings to neighboring 
chromophores is difficult.  Semi-empirical calculations that take into account the effect of the 
electron interactions (Macernis et al., 2012) were used to calculate electronic couplings between a 
specific lutein and the closest adjacent chlorophylls in the structure of LHCII (Liu et al., 2004) and 
the resulting Förster energy transfer rates in a model of LHCII (Duffy et al., 2013).  Figure 4 shows 
the lutein and adjacent chlorophylls embedded in the LHCII protein.  With the energy of the S1 
state as a fit parameter, the model indicated that the most effective quenching occurred when the 
energy of the S1 state was in agreement with the two-photon absorption spectrum (Walla et al., 
2001).  While an encouraging result, additional study is needed to understand the effects of 
heterogeneity in the position and orientation of lutein to evaluate the role this potential quenching 
mechanism plays in the plant system and how it might be regulated. 
 
Figure 4.  Structural depiction of a lutein quenching site associated with neighboring chlorophylls 
in LHCII.  Reprinted with permission from Duffy C.D.P, Chmeliov, J, Macernis, M., Sulskus, J. 
Valkunas, L., Ruban, A.V., 2013,  Modelling of Fluorescence Quenching by Lutein in the Plant 
Light-Harvesting Complex LHCII.  J. Phys. Chem. B 117, 10974-10986. Copyright 2013 
American Chemical Society. 
To make predictions of quenched fluorescence lifetimes observed in vivo, the quantum 
mechanical descriptions of energy transfer to quenching sites must be incorporated into larger 
energy transfer models.  The multiscale model of energy transfer at the membrane scale discussed 
in Section 2.1 (Amarnath et al., 2016) has been developed to include quenching sites located at 
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several of the suggested quenching sites in LHCII (Bennett et al., 2017) and can make predictions 
of fluorescence lifetimes given various quenching configurations.  Changes in experimental 
fluorescence decay profiles of A. thaliana leaves (Sylak-Glassman et al., 2016) are accurately 
described by changes in a single effective quantity – the exciton diffusion length, LD .  LD  drops 
from about 50 nm in wild type plants at low light to around 25 nm in the maximally quenched 
system at high light levels.  Conceptually, the LD is a single variable that serves as the “tap” that 
controls light harvesting efficiency under conditions of excess light.  LD is a function of the 
intrinsic rate of quenching at a particular quenching site and the density of quenching sites.  The 
functional dependence can be thought of, in the simplest approximation, as product of the two 
quantitates.  Although different combinations of the intrinsic quenching rate and density of 
quenching sites can describe the fluorescence snapshot data, they all have the same LD for a given 
quenched fluorescence lifetime (Bennett et al., 2017). 
One proposed quenching mechanism the coarse grained model evaluates is the decay of 
the S1 state of lutein near the terminal emitter of LHCII shown in Figure 4 (Duffy et al., 2013).  
The coarse grained model finds a 20 ps non-radiative decay constant for the domain predicts 
realistic quenched fluorescence lifetimes (Sylak-Glassman et al., 2016) with about 30% of the 
quenching sites active.  On average, an exciton populates the domain for about 3 ps before either 
energy transfer to another domain or quenching occurs.  These values agree with those suggested 
by semi-empirical calculations of couplings between lutein and adjacent chlorophylls (Duffy et 
al., 2013) and the probability of the LHCII adopting a quenched conformation determined from 
single molecule experiments (Krüger et al., 2012).  In this parameter regime, the variety of 
proposed quenching mechanisms all operate in a “weak” limit, regardless of the specific details of 
the quenching mechanism.  In the weak limit, an exciton does not spend much time within a 
domain before subsequent energy transfer, and therefore will visit multiple active quenching sites 
before it is likely to be dissipated. 
To obtain LD values that correspond to the highly quenched mutants, additional quenching 
sites in e.g. minor antenna complexes are required, suggesting that multiple quenching 
mechanisms work in parallel.  Incorporating charge transfer states into exciton models of energy 
transfer presents another challenge.  Exciton models assume that chromophores are locally excited, 
meaning that site energies and couplings can be calculated from quantum calculations of individual 
chromophores (Müh et al., 2010; Müh and Renger, 2012; Renger et al., 2011).  When charge 
transfer occurs, this is no longer the case as electron density is transferred between chromophores 
as well (Dreuw et al., 2005, 2003a, 2003b).  One extension of the exciton model uses calculations 
of the positive and negatively charged states of chromophores in addition to the usual calculations 
of local excited states to determine charge transfer states’ energies and calculate the states’ 
electronic couplings to locally excited states (Li et al., 2017).  This method could be applied to 
begin to incorporate charge-transfer states into models of LHCII and minor antenna complexes to 
evaluate charge-transfer-based quenching mechanisms. 
4. Chemical Regulation of Quenching 
In comparison to the controversy surrounding the molecular mechanisms of quenching, there is 
relative consensus surrounding major components of the biochemical regulatory processes.  It is 
generally accepted that the rapid induction of the quenching response in A. thaliana is triggered 
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by a trans-thylakoid pH gradient that forms in response to high light (Horton et al., 1996) as 
excitation pressure and charge separation outpace the ATP synthase (Kanazawa and Kramer, 
2002).  Excessively low pH in the thylakoid lumen protonates the non-pigment-binding PsbS (Li 
et al., 2004) and violaxanthin deepoxidase (VDE) that converts violaxanthin into zeaxanthin 
(Hager and Holocher, 1994; Jahns et al., 2009).  Double mutants deficient in both PsbS and VDE 
lack all rapidly reversible qE (Li et al., 2000).  The presence of zeaxanthin, formed by VDE, and 
under certain conditions lutein (Ruban et al., 2007), allows the protonation-activated PsbS to act 
in the catalysis of rapid induction and relaxation of quenching (Sylak-Glassman et al., 2014).  In 
addition, the presence of zeaxanthin is also associated with a longer timescale, non-pH-dependent 
quenching, called qZ (Nilkens et al., 2010).  Zeaxanthin levels and PSII light-harvesting efficiency 
are significantly and inversely correlated over time scales ranging from minutes to seasons (Adams 
III et al., 2008; Demmig-Adams et al., 2012). The many proposed molecular mechanisms of 
rapidly reversible quenching attempt to explain the quenching components identified by these 
regulatory dynamics (Duffy and Ruban, 2015; Jahns and Holzwarth, 2012). 
Although there are numerous questions surrounding details of how each of the established 
components functions, including for example, the mechanism by which PsbS catalyzes the rapid 
induction of quenching (Daskalakis and Papadatos, 2017; Krishnan et al., 2017; Wilk et al., 2013), 
many aspects of their chemical kinetics have been measured (Jahns et al., 2009; Kalituho et al., 
2007; Takizawa et al., 2007).  The resulting kinetics of individual components have been 
incorporated into a quantitate kinetic model of the interior of the chloroplast with a simple model 
of the chemical regulation of quenching that predicts how fluorescence lifetimes change in 
response to changes in light intensity (Zaks et al., 2012).  This model is an important tool for 
connecting the seconds to minutes timescale of the biochemical regulatory dynamics to the 
ultrafast timescales of energy transfer and quenching mechanisms: a major conclusion was that the 
pH gradient was insensitive to the presence of quenching.  Therefore, subsequent and more 
sophisticated models of the regulation of quenching can approximate the pH gradient dynamics as 
an input, greatly simplifying the required details. 
In a first attempt to develop a more sophisticated model of the regulation in A. thaliana, 
measurements of ultrafast fluorescence lifetime snapshots resolved on the regulatory timescale and 
matched to time resolved quantification of xanthophyll pigments were performed on intact leaves 
for a series of mutants deficient in either lutein or zeaxanthin (Leuenberger et al., 2017).  In 
addition to addressing regulatory questions regarding memory effects of the xanthophyll cycle, the 
resulting kinetic model of regulation allowed the contributions of quenching controlled by 
different regulatory mechanisms to be quantified.  A plot showing individual contributions to the 
wild type quenching response, formed from mutants deficient in either lutein or zeaxanthin, is 
shown in Figure 5.  Within an individual mutant, it was found that zeaxanthin was a much more 
efficient quencher on a per molecule basis.  Comparison of the individual components of 
quenching in wild type, which contains both lutein and zeaxanthin, indicated that the wild type 
quenching was more efficient on a per xanthophyll basis, than mutants containing just a single 
xanthophyll.  Within an understanding of the exciton diffusion length, discussed in Section 3.2, it 
is difficult to assess either the origin of or the difference in quenching efficiency between lutein 
and zeaxanthin, or what results in the gain in efficiency of quenching when both are present: either 
the intrinsic quenching rate or the effective density of active quenching sites could change.  Single 
molecule fluorescence lifetime studies indicate that multiple quenched states exist for LHCII could 
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all be present simultaneously with different non-radiative lifetimes (Krüger et al., 2012; Schlau-
Cohen et al., 2015; Tutkus et al., 2017).  Changes in the xanthophyll content could also change 
conformational behaviors of the pigment-protein complexes, reducing the density of quenching 
sites (Tutkus et al., 2017). 
 
 
Figure 5.  Analysis of quenching in response to two periods of light and dark acclimation into 
components isolating the contributions of lutein (red, from szl1 mutant deficient in zeaxanthin) 
and zeaxanthin (yellow, from lut2 mutant deficient in lutein) that require a single common scaling 
factor to obtain good agreement with wild type (blue, observed; purple, predicted from 
components).  The scaling factor is greater than unity indicates that the wild type is more efficient 
on a per-molecule basis.  Reprinted from Leuenberger et al. PNAS 114(33) E7009-E7017 (2017). 
To quantitatively evaluate how the wild type realizes the observed efficiency gains, further 
work incorporating molecular models of quenching into models of the thylakoid membrane is 
necessary.  Calculations of energy transfer rates to potential quenching states within single 
pigment-protein complexes (Duffy et al., 2013) upon substitution of xanthophylls as has been 
observed experimentally (Li et al., 2009; Lokstein et al., 2002) could indicate if substitution results 
in the observed discrepancy by changing the transfer or decay rate.  However, recent single 
molecule experiments on monomeric LHCIIs from pigment deficient mutants suggest that 
xanthophyll deficiencies instead change pigment-protein complex conformational dynamics, and 
therefore the activation of quenching sites (Tutkus et al., 2017).  Integrating these data into coarse 
grained membrane scale models (Amarnath et al., 2016; Bennett et al., 2017) would be useful for 
evaluating the effects of xanthophyll deficiency on molecular mechanisms of quenching in 
addition to the regulation of quenching.   
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Due to the complexity of the in vivo system, it is necessary to employ regulatory modeling 
to isolate the contributions of quenching with specific regulatory signatures that suggest distinct 
molecular mechanisms.  For example, in the case of zeaxanthin, multiple quenching processes all 
depend on zeaxanthin and cannot be isolated with xanthophyll deficient mutants alone 
(Leuenberger et al., 2017).  Upon isolation of the quenching attributable to a particular regulatory 
signature, the effect of a particular molecular mechanism of quenching on the LD, and thus the 
change in fluorescence of an in vivo system evaluated with multiscale models, can be evaluated 
independently of the effect of the xanthophyll as a whole.  As regulatory and molecular models of 
quenching converge, mechanistic connection between regulatory signatures and molecular 
mechanisms of energy dissipation itself could be achieved through analysis of minimal artificial 
systems or large scale molecular dynamics simulations. 
Conclusion 
This review discusses the quantitative modeling of energy dissipation, or quenching, in A. thaliana.  
Starting from energy transfer between individual chlorophyll molecules in the antenna, detailed 
quantum mechanical treatments are necessary at the fastest timescales.  However, as time and 
length scales increase, much of quantum mechanical detail can be approximated into coarse 
grained models.  These coarse-grained models are useful for evaluating proposed molecular 
mechanisms of quenching in a manner that can predict experimentally observable fluorescence 
lifetimes.  Although evidence suggests a number of different mechanisms of quenching, that seem 
to occur simultaneously, combining molecular and mechanistic models with regulatory modeling 
that quantifies of the contributions of components with distinct regulatory signatures provides a 
path towards evaluating the roles and contributions of proposed mechanisms and to exploring 
optimization of the regulatory systems. 
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Chapter 2: Dissecting and modeling zeaxanthin- and 
lutein-dependent non-photochemical quenching in 
Arabidopsis thaliana 
This chapter reproduces an article entitled “Dissecting and modeling zeaxanthin- and lutein-
dependent non-photochemical quenching in Arabidopsis thaliana, by M. Leuenberger, J. M. 
Morris, A. M. Chan, L. Leonelli, K. K. Niyogi, and G. R. Fleming, appearing in Proc. Natl. Acad. 
Sci. U S A. 114(33):E7009-E7017 (2017).  M. Leuenberger and J. M. Morris contributed equally 
to this work. 
As described in Chapter 1, zeaxanthin plays an important role in quenching.  It is proposed to play 
both a direct role as a site for dissipation (through either an energy transfer quenching process or 
a charge transfer and recombination quenching process) and having impact on the regulatory 
dynamics, where it has been identified to play a role in both qE and qZ.  Zeaxanthin accumulates 
over the course of high light exposure due to the VAZ cycle, where violaxanthin is de-epoxidated 
twice into antheraxanthin and zeaxanthin.  In contrast, in Arabidopsis, lutein is not regulated by a 
chemical cycle and has also been proposed to play a direct role as a site of energy dissipation.  
However, in Nannochlroropsis oceanica, lutein is regulated in a lutein-lutein epoxide (LxL) cycle 
due the presence of a zeaxanthin epoxidase enzyme that functions on lutein.  In order to attempt 
to distinguish the regulatory effects of quenching intrinsic to each xanthophyll, as opposed to the 
accumulation of the xanthophyll, a set of mutants including a line with a transgenic insert of the 
zeaxanthin epoxidase from Nanno, resulting in a LxL cycle in Arabidopsis were investigated.   
Because zeaxanthin, once accumulated, takes much longer to return to violaxanthin, the zeaxanthin 
will remain after a short period of dark exposure subsequent to the traditional initial high light 
exposure period.  In a second high light exposure period, the induction of quenching that is intrinsic 
to the presence of zeaxanthin can be observed in a manner distinct from the induction of quenching 
in the initial high light exposure period, where the zeaxanthin or must accumulate.  Comparing the 
results of measurements on Arabidopsis that naturally contains a VAZ cycle with the transgenic 
line that replaces the VAZ cycle with an LxL cycle verifies that a difference observed between the 
first and second high light exposure period is due to the accumulation in the first period.   
Upon analysis, a change was observed between the two periods: when the zeaxanthin or lutein 
needed to accumulate in the initial period, the observed timescale of induction of quenching was 
slower, indicating that regulatory dynamics in the first period depended on both the intrinsic 
regulation of zeaxanthin or lutein dependent mechanisms and the accumulation of the zeaxanthin 
or lutein.  In addition, a mathematical model was constructed to model the regulatory dynamics. 
The model was able to reproduce both the change between the first and second period reproduce 
wild type quenching from mutant lines that isolated contributions from lutein dependent quenching 
and zeaxanthin quenching, providing insight into the relative contributions of two different 
mechanisms of quenching. 
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Abstract  
Photosynthetic organisms employ various photoprotective mechanisms to dissipate excess 
photoexcitation as heat in a process called non-photochemical quenching (NPQ). Regulation of 
NPQ allows for a rapid response to changes in light intensity and in vascular plants is primarily 
triggered by a pH gradient across the thylakoid membrane (∆pH). The response is mediated by the 
PsbS protein and various xanthophylls. Time correlated single photon counting (TCSPC) 
measurements were performed on Arabidopsis thaliana to quantify the dependence of the response 
of NPQ to changes in light intensity on the presence and accumulation of zeaxanthin and lutein. 
Measurements were performed on wild type and mutant plants deficient in one or both of the 
xanthophylls, as well as a transgenic line that accumulates lutein via an engineered lutein epoxide 
cycle. Changes in the response of NPQ to light acclimation in wild type and mutant plants were 
observed between two successive light acclimation cycles, suggesting that the character of the 
rapid and reversible response of NPQ in fully dark-acclimated plants is substantially different than 
in conditions plants are likely to experience due to changes in light intensity during daylight. 
Mathematical models of the response of zeaxanthin- and lutein-dependent reversible NPQ were 
constructed that accurately describe the observed differences between the light acclimation 
periods. Finally, the wild-type response of NPQ was reconstructed from isolated components 
present in mutant plants with a single common scaling factor, which enabled deconvolution of the 
relative contributions of zeaxanthin- and lutein-dependent NPQ.  
Significance Statement 
The balance between light harvesting and photoprotection is a critical component of 
photosynthetic efficiency, and this balance must be maintained in response to fluctuating light 
conditions.  Two xanthophylls play key roles in the vascular plant response to changes in light 
intensity: zeaxanthin and lutein.  Fluorescence decay studies of Arabidopsis thaliana mutants 
enabling the isolation of individual contributions of zeaxanthin and lutein to the response and a 
kinetic model of quenching make it possible to model the mutant data and predict the combined 
influence of zeaxanthin and lutein on non-photochemical quenching in wild type A. thaliana with 
the use of a single scaling factor.  The model informs efforts to improve the response of plants to 
fluctuating light in natural environments and to increase crop yields.  
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Introduction 
Photosynthesis begins with solar driven electron transfer in reaction centers [1], but often the 
energy available from sunlight outpaces the capacity for productive photochemistry in 
photosynthetic organisms. This can cause serious damage to the proteins that make up the 
photosynthetic apparatus. The fluctuations in light intensity experienced by higher plants 
necessitate both the rapid induction of photoprotective processes in response to high light 
conditions to prevent photodamage, as well as subsequent relaxation of quenching, to ensure 
optimal photosynthetic activity upon return to low light conditions [2, 3]. Although both of the 
photosynthetic reaction center complexes of higher plants, photosystem I (PSI) and photosystem 
II (PSII), experience photodamage and have photoprotective mechanisms, they are 
spectroscopically distinct primarily due to the shallow nature of the PSII reaction center trap and 
the reversibility of primary charge separation in the PSII reaction center (P680+) relative to PSI.  
These features lead to longer lived excitation in the PSII reaction center and therefore a higher 
probability of damage when reaction centers are closed.  Moreover, the shallow trap and 
reversibility of charge transfer in PSII reaction centers contribute to variability in fluorescence 
from PSII which allows for the study of NPQ via fluorescence yield and lifetime measurements 
[4]. The fluorescence from PSI is far less variable at room temperature.   
Here we discuss photoprotective mechanisms of PSII as observed via fluorescence lifetime 
measurements.  The suite of photoprotective mechanisms that protect PSII collectively result in, 
and are referred to as, non-photochemical quenching (NPQ): the reduction in chlorophyll a 
fluorescence yield due to the dissipation of excess excitation by mechanisms other than 
photochemistry [5, 6, 7]. Although NPQ’s various mechanisms allow for rapid response to excess 
light conditions, the overall response is slow to recover, leading to a period of potentially 
suboptimal photosynthetic efficiency [8]. Understanding the multiple processes underlying NPQ 
could inform engineering of photoprotective systems to increase crop yields [3] or systems to 
protect bio-inspired energy devices [9].  
NPQ is a broad term encompassing several constituent components historically categorized 
by rate of induction and relaxation.  For the quenching response of photosystem II (PSII) in 
vascular plants, the components are often separated into qE, the rapidly reversible, energy-
dependent quenching component, and qI, the slowly reversible component associated with PSII 
photoinhibition [10, 11].  Although important in many photosynthetic systems, qT, a component 
of NPQ associated with excitation balance between PSI and PSII by altering the relative antenna 
size, does not contribute significantly in vascular plants exposed to high light [5]. The historic 
decoupling of rapidly reversible mechanisms from slower ones may not be as feasible as 
previously understood: subsequent work has indicated the complicated nature of qI [12, 13, 14, 
15,16] and the roles of zeaxanthin in qE [17, 18, 19, 20, 21, 22] and another NPQ component 
termed qZ [23], making the distinction less clear and, at times, arbitrary [24].  
As of yet, there is little consensus surrounding the molecular mechanisms underlying the 
quenching pathways intrinsic to NPQ in PSII. However, several important players impacting the 
regulation of PSII photoprotection are widely agreed upon. qE in higher plants is triggered by a 
high pH gradient, ∆pH, formed across the thylakoid membrane as charge separation due to 
productive photochemistry outpaces the activity of ATP synthase and other downstream processes 
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[25]. PsbS, which contains exposed protonatable residues, has been shown to be a sensor of ∆pH 
[26], and is necessary for qE in vivo [27]. Finally, upon the formation of ∆pH, violaxanthin de-
epoxidase (VDE) is activated, converting violaxanthin to antheraxanthin and zeaxanthin [28] in 
the VAZ cycle. Some evidence suggests that zeaxanthin plays a direct role in quenching [19, 20], 
while other evidence suggests that zeaxanthin simply regulates lutein-dependent quenching 
allosterically [29, 30]. So far, the direct roles of zeaxanthin and lutein in NPQ, either as participants 
in the molecular mechanism of quenching or in the molecular regulation of quenching, remain 
unclear.  
While the accumulation of zeaxanthin from violaxanthin under high light conditions is 
ubiquitous among higher plants and has been studied extensively, an analogous cycle reflecting 
the accumulation of lutein from lutein epoxide (the LxL cycle), found in about 60% of plant species 
studied thus far, has recently become of interest [31, 32, 33, 34]. Because this LxL cycle regulates 
lutein levels in response to light intensity changes in a similar way to the regulation of zeaxanthin 
in the VAZ cycle, the LxL cycle is of interest to help determine the impact of different xanthophyll 
cycles on the activation and recovery of NPQ in PSII. Recently, transgenic lines of Arabidopsis 
thaliana modified to express zeaxanthin epoxidase from the alga Nannochloropsis oceanica have 
been produced [35], allowing the study of the isolated LxL cycle in a well-characterized model 
system. In this paper, we present spectroscopic studies of these lines and other xanthophyll 
mutants, and we examine the contribution of zeaxanthin- and lutein-dependent activation of NPQ 
in PSII to the full wild-type response.  
Results and Discussion  
In order to distinguish lutein-dependent quenching from zeaxanthin-dependent quenching, 
chlorophyll fluorescence lifetime snapshot measurements of whole leaves of A. thaliana sensitive 
to changes in chlorophyll a fluorescence in PSII were collected via time correlated single photon 
counting (TCSPC). The genetic lines studied include wild type (wt; Col-0 ecotype), the szl1 mutant 
that lacks VAZ cycle xanthophylls and accumulates high levels of lutein [36], the double mutant 
szl1npq1 that is also defective in VDE activity [36], the lutein-deficient mutant lut2 [37], the novel 
lutein epoxide cycle transgenic mutant szl1+NoZEP1 [35], and lastly the transgenic mutant 
szl1npq1+NoZEP1, which constitutively accumulates lutein epoxide and lacks zeaxanthin and 
therefore cannot induce any rapidly reversible qE [35].  A table of the mutants studied and their 
properties is supplied in Table S1.   
After 30 min of initial dark acclimation, TCSPC snapshots were collected during two 
periods of high light each followed by a period of dark relaxation. The first cycle consisted of 20 
min of high light, which is long enough to achieve quasi-steady-state quenching lifetimes, followed 
by 10 min of darkness, chosen to be long enough to allow a return to steady-state unquenched 
lifetimes but short enough to maintain high levels of de-epoxidized xanthophylls in plants with 
appropriate epoxidase and de-epoxidase enzymatic cycles. The second cycle, which immediately 
followed the first, consisted of 7 min of high light, followed by 3 min of darkness, and served to 
demonstrate the response of the fluorescence lifetimes when the de-epoxidized carotenoids are 
present at the onset of the induction of rapidly reversible qE. Additionally, the pigments present in 
leaf samples exposed to the same light cycles were quantified via high-performance liquid 
chromatography (HPLC).  Fig. S1 summarizes these data.  
 37 
Amplitude-Weighted Average Lifetimes via TCPSC  
Representative fluorescence decays measured via TCSPC in the quenched and relaxed states of wt 
leaves are provided in Fig. 1. For the two decays shown, the dark-acclimated or relaxed average 
lifetime was 1.42 ns and the quenched average lifetime obtained after 270 s of 745 μmol photons 
m-2 s-1 actinic light acclimation was 0.52 ns. The average lifetimes were obtained from an 
amplitude-weighted average of the fit of data to two lifetime components. The decision to fit the 
data to two lifetime components was made upon analysis of a singular value decomposition of the 
data set (Fig. S2) that resulted in two singular vectors containing structure and remaining singular 
vectors displaying noise.  This indicates that fitting more than two components does not extract 
additional meaningful information, reflecting the tradeoff between limited data collection time of 
snapshot measurements and the dynamic range of the fluorescence decay curves. 
 
 
Figure 1. Representative fluorescence lifetime decays for dark-acclimated (relaxed) and light-
acclimated (quenched) wild type A. thaliana leaves. The average lifetime obtained for the sample 
shown was 1.42 ns for the relaxed state and 0.52 ns for the quenched state after 270 s of exposure 
to 745 μmol photons m-2 s-1 actinic light.  
 
Fluorescence decays were collected from 20 samples per mutant over the course of the 
light acclimation scheme and fitted to determine the amplitude-weighted average lifetimes. The 
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traces of average lifetimes for the different mutants over the course of acclimation are shown in 
Fig. 2. Mutants containing only a constant high level of lutein (szl1 and szl1npq1, Fig. 2c and 2f) 
display a rapid overshoot and relaxation to the steady-state quenching level in response to both 
light acclimation periods. Mutants containing a xanthophyll cycle (lut2, which accumulates 
zeaxanthin via the VAZ cycle, and szl1+NoZEP1, which accumulates lutein via the LxL cycle, 
Fig. 2b and 2e) do not display this overshoot in the first light acclimation period. The 
szl1npq1+NoZEP1 strain (Fig. 2d) containing neither xanthophyll cycle, does not show any 
reversible quenching. wt plants (Fig. 2a) acclimate faster than lut2 mutants containing only the 
VAZ cycle but do not show the initial overshoot of szl1.  
 
 
Figure 2. Average fluorescence lifetime traces over a two-cycle light acclimation scheme, shown 
by the light and dark bars superimposed on the bottom of each plot for the six A. thaliana strains. 
Error bars denote SD for n = 20. a) wt contains lutein and a VAZ cycle to form zeaxanthin in high 
light conditions. b) lut2 lacks lutein and has an active VAZ cycle. c) szl1 lacks zeaxanthin due to 
a partially blocked  ß-carotene biosynthesis pathway and contains more lutein than wt. d) The 
szl1npq1+NoZEP1 strain does not have either xanthophyll cycle. e) szl1+NoZEP1 lacks 
zeaxanthin and contains a non-native zeaxanthin epoxidase that functions on lutein, converting 
lutein to lutein epoxide that can be converted back to lutein by native VDE in high light. f) szl1npq1 
contains lutein but lacks zeaxanthin due to blocking of the ß-carotene biosynthesis pathway and 
inhibition of VDE. 
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Modeling  
In order to model the quenching processes observed in the data, a quenching parameter 𝑄, is 
calculated from the normalized average lifetimes, 𝜏, allowing for direct comparison of the 
quenching behavior between different plant lines. The amplitude-weighted average lifetimes are 
proportional to fluorescence yield, 𝜙, which is given by the ratio of the rate of fluorescence to the 
sum of the rates of all relaxation processes, including fluorescence, quenching, and other processes 
such as energy transfer and intersystem crossing. The expression relating the average lifetimes to 
the quenching parameter is given in Eqn. 1. The rates used for the various processes were obtained 
from Zaks et al. [38].  
𝜏 ∝ 𝜙 =  
𝑘𝑓𝑙𝑢𝑜
𝑘𝑓𝑙𝑢𝑜 + 𝑘𝑜𝑡ℎ𝑒𝑟 + 𝑘𝑞𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔𝑄
     (1) 
The parameter 𝑄 is a dimensionless modifier of the effective quenching rate, and is a 
function of activated PsbS, lutein, zeaxanthin, and other variables. The product of kquenching and 
𝑄 produces an effective rate of quenching that results in the observed lifetimes. Although previous 
work has attributed 𝑄 to a fraction of activated quenching sites [38], this type of analysis is also 
valid for more complicated underlying mechanistic details of energy dissipation, such as the 
alterations to the rate of quenching at an individual site, the density of quenching sites, or multiple 
types of quenching sites. For simplicity, a single constant rate of quenching at each site, 𝑘𝑞𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔 
is assumed, and 𝑄 can be considered an effective fraction within these caveats.  The particular 
choice of the value of 𝑘𝑞𝑢𝑒𝑛𝑐ℎ𝑖𝑛𝑔  does not severely impact the observed behavior of the quenching 
dynamics, but linearly scales the numerical values of 𝑄 obtained from the average lifetime, and 
the numerical values of parameters that describe the dynamical behavior.  𝑄 is similar to the usual 
NPQ parameter [1] calculated from, for example, PAM fluorescence traces, but is scaled to reflect 
estimates of the physical processes involved and emphasizes the competition in the experiment 
between quenching and fluorescence or productive photochemical pathways. 
Because the denominator of Eqn. 1 is the sum of rates of various processes, using the 
parameter 𝑄 allows for the direct addition and subtraction of various quenching processes within 
and across mutant strains. In this work, 𝑄 is partitioned into a reversible component and an 
irreversible component based on the observed behavior, per Eqn. 2. 
𝑄 = 𝑄𝑟𝑒𝑣 + 𝑄𝑖𝑟𝑟      (2) 
The szl1npq1+NoZEP1 strain contains no lutein or zeaxanthin and displays nearly monotonically 
increasing quenching over the course of the experiment.  The 𝑄 values calculated from 
szl1npq1+NoZEP1 lifetimes via Eqn. 1 are identified solely as irreversible quenching, 𝑄𝑖𝑟𝑟 . These 
values can be subtracted from the values of 𝑄 calculated from other strains to isolate the values of 
reversible quenching,  𝑄𝑟𝑒𝑣.  
Reversible quenching was modeled using differential equations describing a pair of two-
state systems.  The systems individually represent lutein- and zeaxanthin-dependent quenching 
and each system contains “active” and “inactive” quenching states. The solution to the differential 
equation for the active quenching states, 𝑄𝑎𝑐𝑡𝑖𝑣𝑒 , gives predicted values of 𝑄𝑟𝑒𝑣 due to either lutein 
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or zeaxanthin for comparison to experimental results. The differential equations are simple kinetic 
rate equations with  activation rates given by functions of the variables ∆pH across the membrane, 
concentration of activated PsbS, and the concentration of the appropriate xanthophyll(s).   
The dynamics of ∆pH and the activation of PsbS and VDE in response to ∆pH were 
obtained from the model described by Zaks et al. [38].  Their work concluded that the temporal 
behavior of ∆pH across the thylakoid membrane was insensitive to the detailed parameters of the 
model of quenching.  Therefore, ∆pH is a function solely of time for a given light acclimation 
scheme and does not depend on the differential equations.  Qualitatively, ∆pH has a fast initial rise 
on the timescale of seconds upon exposure to high light, which then peaks and decays to a steady 
state level on the timescale of a few minutes.  Upon initiation of dark relaxation, ∆pH decays from 
the high light steady state level to a dark-adapted steady state level on the timescale of seconds.  
The plot of ∆pH in terms of the [H+] concentration gradient and normalized activity of PsbS and 
VDE is shown in Fig. S3.  
The kinetics of the xanthophyll cycles depend on the activation of VDE by ∆pH; 
concentrations of the xanthophylls were obtained by fitting a first-order kinetic model with ∆pH-
dependent rates of de-epoxidation described by Zaks et al. [38] for each relevant mutant to HPLC 
data in order to interpolate between measurements. A plot of the wt xanthophyll cycle showing the 
fractional concentrations of each pigment normalized to the total concentration of the three 
pigments available for interconversion is shown in Fig. 3. Similar fits were performed for the 
szl1+NoZEP1 strain, containing the LxL cycle, showing the expected conversion from lutein 
epoxide to lutein in response to high light conditions, and the lut2 mutant, containing the same 
VAZ cycle as wt (Figs. S4, S5).   
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Figure 3. Dynamics of the wt xanthophyll cycle in response to the light acclimation scheme shown 
in the light and dark bars superimposed on the plot fit to HPLC data are shown here. The data are 
represented by a fit of the fractional concentration of the available pool of violaxanthin, 
antheraxanthin, and zeaxanthin to the available pool of xanthophylls determined from analysis of 
HPLC measurements (see Methods section of the text) at four time points (open circles with error 
bars denoting SD for n=8) using a first-order kinetic model with a pH gradient dependent rate of 
de-epoxidation (solid lines). 
The pool of violaxanthin available for de-epoxidation was quantified using Monte Carlo 
methods to determine the minimum quantity of violaxanthin present using bootstrap resampling 
of the HPLC data.  This technique, described in detail in the methods section, indicated that 
approximately 60% of the measured violaxanthin was unavailable for de-epoxidation on the 
timescales of light acclimation in the experiment, in good agreement with previous work [39]. The 
same technique was used to remove background antheraxanthin and zeaxanthin present in the dark-
acclimated state. The fractional concentration was calculated as the fraction of each individual 
xanthophyll over the sum of the available pool of xanthophylls.  
 
Lutein-Dependent Quenching 
The constant value of lutein in the mutant szl1, which contains no zeaxanthin, is the simplest 
system to model.  The constant-lutein-dependent reversible quenching model is: 
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𝑑
𝑑𝑡
𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑒 = 𝑘𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛(𝑡)𝑄[Lut]
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 − 𝑘𝑄[𝐿𝑢𝑡]
𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦
𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑒      (3) 
𝑑
𝑑𝑡
𝑄[Lut]
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 = −𝑘𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛(𝑡)𝑄[𝐿𝑢𝑡]
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 + 𝑘𝑄[𝐿𝑢𝑡]
𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦
𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑒      (4) 
The time-dependence of 𝑘𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 is due to the time-dependence of the activated fraction of PsbS, 
[PsbS∗], which in turn depends on the ∆pH.  The time-dependent activation constant is defined in 
the form of a Hill equation, 
𝑘𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛(𝑡) ≡
[PsbS∗]𝑛
𝐾PsbS∗ + [PsbS∗]𝑛
𝜅𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛      (5) 
The constants 𝐾PsbS∗ and n, respectively, describe an equilibrium point and interaction coefficient 
of quenching sites activated by PsbS. Together with 𝜅𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 , a scaling constant, these constants, 
which determine the activation, 𝑘𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛, and recovery, 𝑘𝑄[𝐿𝑢𝑡]
𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦
, rates of the quenching were 
obtained by fitting solutions of 𝑄[𝐿𝑢𝑡]
𝑎𝑐𝑡𝑖𝑣𝑒  in Eqn. 3 to values of 𝑄𝑟𝑒𝑣 calculated from szl1 lifetime 
values via Eqn. 1 and 2.  A plot of the resulting model, comparing the fit values of 𝑄[𝐿𝑢𝑡]
𝑎𝑐𝑡𝑖𝑣𝑒  to the 
values of 𝑄𝑟𝑒𝑣  calculated from szl1 lifetime values and the predicted lifetimes for szl1, is shown 
in Fig. 4.  
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Figure 4. Comparison of model to reversible quenching calculated from szl1 lifetime data via 
Eqns. 1 and 2 and predicted lifetime to data for szl1. a) The modeled reversible lutein-dependent 
quenching (red line) compared to the reversible quenching values calculated from szl1 lifetime 
data after background subtraction of the irreversible quenching present in szl1npq1+NoZEP1 (blue 
line). b) Normalized fluorescence lifetimes predicted by the model upon reconstruction of 
fluorescence yield from the model for lutein-dependent reversible quenching in szl1 and the 
irreversible quenching extracted from szl1npq1+NoZEP1 (red line) compared to data (blue line; 
data points with error bars denoting SD for n=20).  
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The two plots, of 𝑄𝑟𝑒𝑣  and the lifetime values, are essentially reciprocals as a consequence 
of Eqns. 1 and 2.  What appears as a slight dip in the lifetime at early acclimation times is reflected 
in a larger apparent spike, or overshoot of the steady state, in the value of the 𝑄𝑟𝑒𝑣. The model is 
able to describe the initial overshoot of quenching in response to high light, the steady state level 
during light exposure, and the recovery in dark.  Small discrepancies remain between the light-
acclimation periods, with the initial overshoot overestimated in the first period and underestimated 
in the second period. Upon recovering the predicted lifetimes from the model for szl1 and the 
irreversible quenching from szl1npq1+NoZEP1, it is apparent that these discrepancies are 
commensurate in scale with the uncertainty in the data.  In this simple system, reversible 
quenching, 𝑄𝑟𝑒𝑣, appears to track directly with the previously predicted ∆pH. 
Next, we modeled the szl1+NoZEP1 strain, which contains the LxL cycle, adding a further 
complication to account for in our model.   In the LxL cycle lutein epoxide is de-epoxidated to 
lutein in response to the formation of ∆pH.  Therefore, in addition to the activation of quenching 
in response to high light, lutein accumulates.  This was verified by HPLC and fit to a first-order 
kinetic model as discussed above and shown in Fig. S3.  To account for the impact of the 
accumulation of lutein on the quenching behavior, the activation rate in the previous model of szl1 
quenching was modified to contain the product of two responses: one to the activated PsbS as 
shown previously, and a second response to the concentration of lutein, also in the form of a Hill 
equation.  The time-dependent activation rate is redefined as  
𝑘𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛(𝑡) ≡
[PsbS∗]𝑛
𝐾PsbS∗ + [PsbS∗]𝑛
[Lut]𝑚
𝐾[Lut] + [Lut]𝑚
𝜅𝑄[Lut]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛     (6) 
which incorporates an additional 𝐾[Lut], an equilibrium value, and m, an interaction coefficient, in 
the Hill type response to lutein. A comparison of predicted lifetimes associated with best fit 
solutions of 𝑄[𝐿𝑢𝑡]
𝑎𝑐𝑡𝑖𝑣𝑒  to values of 𝑄𝑟𝑒𝑣, calculated from szl1+NoZEP1 lifetime data using Eqns. 1 
and 2, is shown in Fig. 5a.   
The model captures much of the behavior of the lutein-dependent quenching in 
szl1+NoZEP1: a smooth transition from the dark acclimated lifetime to a steady state quenched 
lifetime in the first acclimation period, followed by a sharp spike in the second acclimation period.  
Due to the additional complicating factor of the accumulation of lutein, the direct correspondence 
between ∆pH and 𝑄𝑟𝑒𝑣 seen in szl1 mutants is obscured.   The initial accumulation of lutein 
suppresses the overshoot that is seen in the second acclimation period, when lutein is present at 
the outset due to the slower rate of re-epoxidation. 
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Figure 5. Comparison of predicted to observed lifetimes for szl1+NoZEP1 and lut2.  a) 
Normalized fluorescence lifetimes predicted by the model of reversible quenching for the LxL 
cycle mutant szl1+NoZEP1 and irreversible quenching from szl1npq1+NoZEP1 (red line) 
compared to szl1+NoZEP1 lifetime data (blue line; with data points with error bars denoting SD 
for n=20). b) Normalized fluorescence lifetimes predicted by the model of reversible quenching 
for the lutein-less VAZ cycle mutant lut2 and irreversible quenching from szl1npq1+NoZEP1 (red 
line) compared to lut2 lifetime data (blue line; with data points with error bars denoting SD for 
n=20). 
 
Zeaxanthin-Dependent Quenching 
The lifetime data show similar characteristics for the LxL cycle strain szl1+NoZEP1 (Fig. 5a) and 
the lutein-less mutant lut2 (Fig. 5b), which only contains the native A. thaliana VAZ cycle, 
suggesting that a similar model can be used to describe zeaxanthin dependent quenching.   The 
same two-state system, with analogous terms containing an activation rate formed from the product 
of response to activated PsbS and the xanthophyll, and a constant recovery rate was used, but with 
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zeaxanthin substituted for lutein.  This is sufficient to account for the zeaxanthin- and ∆pH-
dependent portion of the quenching response (usually thought of as a portion of qE).  
However, upon close examination, there is a discrepancy between the reversible quenching 
behavior of the LxL cycle szl1+NoZEP1 mutant and the VAZ cycle lut2 mutant seen in the 
recovery displayed in the dark.  While the reversible quenching of the LxL cycle szl1+NoZEP1 
strain recovers fully upon dark relaxation, the reversible quenching of the VAZ cycle lut2 mutant 
does not fully recover upon dark relaxation due to the contribution of zeaxanthin-dependent, but 
non-∆pH-dependent quenching (qZ [23]).  In order to account for this difference, an additional 
term is required in the model differential equations.  The additional term is independent of 
𝑄[𝑍𝑒𝑎]
𝑎𝑐𝑡𝑖𝑣𝑒and linearly dependent on the concentration of zeaxanthin.  It carries the opposite sign as 
the recovery term, and shifts the steady-state recovery level when zeaxanthin is present.  Although 
the non-∆pH-dependent quenching operates on a time scale slower than the ∆pH-dependent 
quenching, it is still included in the values of 𝑄𝑟𝑒𝑣  determined from the partitioning scheme. The 
model system therefore is given by 
𝑑
𝑑𝑡
𝑄[𝑍𝑒𝑎]
𝑎𝑐𝑡𝑖𝑣𝑒 = 𝑘𝑄[Zea]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛(𝑡)𝑄[𝑍𝑒𝑎]
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 − 𝑘𝑄[𝑍𝑒𝑎]
𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦
𝑄[𝑍𝑒𝑎]
𝑎𝑐𝑡𝑖𝑣𝑒 + 𝑘𝑞𝑍[𝑍𝑒𝑎]    (7) 
𝑑
𝑑𝑡
𝑄[𝑍𝑒𝑎]
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 = −𝑘𝑄[Zea]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛(𝑡)𝑄[𝑍𝑒𝑎]
𝑖𝑛𝑎𝑐𝑡𝑖𝑣𝑒 + 𝑘𝑄[𝑍𝑒𝑎]
𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦
𝑄[𝑍𝑒𝑎]
𝑎𝑐𝑡𝑖𝑣𝑒 − 𝑘𝑞𝑍[𝑍𝑒𝑎]    (8) 
𝑘𝑄[Zea]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛(𝑡) ≡
[PsbS∗]𝑛
𝐾PsbS∗ + [PsbS∗]𝑛
[Zea]𝑚
𝐾[Zea] + [Zea]𝑚
𝜅𝑄[Zea]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛(9) 
where the first two terms, including 𝑘𝑄[Zea]
𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛(𝑡), are analogous to the model for the LxL cycle 
szl1+NoZEP1 strain and the final term accounts for the zeaxanthin dependent, non-∆pH-dependent 
quenching behavior unique to zeaxanthin. The predicted lifetimes associated with fit of values of 
𝑄[𝑍𝑒𝑎]
𝑎𝑐𝑡𝑖𝑣𝑒   to values of 𝑄𝑟𝑒𝑣  calculated from lut2 lifetime values by the same method as previously 
described, are shown in Fig. 5b.  The fit values again capture the differences between the first and 
second light acclimation periods, this time due to the accumulation of zeaxanthin but analogous to 
the accumulation of lutein.  The additional term unique to this model also captures the shift in the 
recovery level due to the zeaxanthin-dependent, non-∆pH-dependent qZ behavior. 
Constructing wt Quenching from Components 
The zeaxanthin and lutein dependent quenching in the mutants containing just one of the two 
xanthophylls allows for a comparison of the ability to quench on a per lutein or zeaxanthin basis. 
Quantities of lutein and zeaxanthin determined from HPLC were normalized to the quantity of 
chlorophyll a, and in turn, the quasi-steady-state values of quenching associated with lutein and 
zeaxanthin were compared upon normalizing by the quantity of lutein and zeaxanthin present at 
quasi-steady state.  The quasi-steady-state quenching values for the lutein-dependent quenching in 
szl1, normalized to the quantity of lutein, were approximately ten times lower than the quasi-
steady-state values of zeaxanthin-dependent quenching in lut2, normalized to the quantity of 
zeaxanthin.  This indicates that, on average, each zeaxanthin molecule contributes ten times more 
to the overall quenching than each lutein molecule.  The difference could either be due to a 
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difference in actual rate of quenching, or a difference in the fraction of time in which each molecule 
is in a quenching state when activated, resulting in a reduced density of quenching sites not 
accounted for by the concentrations.  However, this analysis relies on homogeneous contributions 
and does not account for potentially non-uniform contributions of the lutein and zeaxanthin 
molecules – e.g. if only a specific and unique fraction of the lutein molecules present contribute to 
quenching dynamics, the analysis fails.    
One way to test whether the models developed for szl1 and lut2 have captured the essence 
of the quenching process involving these two xanthophylls is to use these models to predict the wt 
response.  To do this, the zeaxanthin-dependent reversible quenching calculated from lut2 lifetime 
measurements using Eqns. 1 and 2, denoted 𝑄𝑟𝑒𝑣
𝑙𝑢𝑡2, and the lutein-dependent reversible quenching 
calculated from szl1 lifetime measurements, again using Eqns. 1 and 2, denoted 𝑄𝑟𝑒𝑣
𝑠𝑧𝑙1, were each 
weighted by the ratio of the average concentrations of the relevant carotenoids present in wt 
relative to the mutant overexpression levels and added to obtain a predicted wt quenching value 
containing the behavior of both lutein- and zeaxanthin-dependent quenching. This value was 
multiplied by a single common scaling factor, α, to fit the value of 𝑄𝑟𝑒𝑣  calculated using Eqns. 1 
and 2 from wt lifetime measurements, denoted 𝑄𝑟𝑒𝑣
𝑤𝑡 . The expression for the predicted wt reversible 
quenching is  
𝑄𝑟𝑒𝑣
𝑤𝑡 = 𝛼 (
< [Lut] >𝑤𝑡
< [Lut] >𝑠𝑧𝑙1
𝑄𝑟𝑒𝑣
𝑠𝑧𝑙1 +
< [Zea] >𝑤𝑡
< [Zea] >𝑙𝑢𝑡2
𝑄𝑟𝑒𝑣
𝑙𝑢𝑡2) (10) 
The lutein and zeaxanthin ratios in Eqn. 10 were determined from the HPLC data to be 0.67 and 
0.24, respectively. The scaling factor, α, was fitted to 1.37.  
Plots of the reconstructed wt quenching parameter, 𝑄𝑟𝑒𝑣
𝑤𝑡 , are compared to values calculated 
from wt lifetime data via Eqns. 1 and 2 in Fig. 6a; the wt lifetimes predicted from the reconstruction 
are compared to the measured wt lifetime data in Fig. 6b. The reversible quenching values, 
𝑄𝑟𝑒𝑣
𝑠𝑧𝑙1and 𝑄𝑟𝑒𝑣
𝑙𝑢𝑡2 , calculated from lifetime data from lut2 and szl1, are plotted, after scaling by the 
ratio of the concentrations and 𝛼, together with their sum, the predicted reversible quenching for 
wt, 𝑄𝑟𝑒𝑣
𝑤𝑡 .  The predicted value of the reversible quenching for wt from the components agrees well 
with the value calculated directly from the wt lifetime data.  The lifetimes resulting from these 
values in Fig. 6b show the variation from the observed wt lifetime data is on the order of the 
uncertainty of the measurement. 
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Figure 6. Comparison of wt reversible quenching calculated from lifetime data via Eqns. 1 and 2 
to predicted values calculated from szl1 and lut2 mutant lifetime data via Eqn. 10 and 
corresponding lifetimes.  a) Reversible quenching calculated via Eqns. 1 and 2 from wt lifetime 
data (blue) agrees well with the predicted reversible quenching (purple) obtained from szl1 (red) 
and lut2 (yellow) contributions via Eqn. 10 (see text). b) The wt lifetimes (red) predicted from the 
wt reversible quenching obtained via Eqn. 10 and irreversible quenching from szl1npq1+NoZEP1 
is within the error of the observed lifetimes of wt (blue, including error bars indicating SD for n = 
20.)   
 
 The success of our approach in reproducing both the steady state quenching and the 
quantitative value of the overshoot in the second light acclimation period with only a single 
common scaling factor has several implications.  First, the finding supports the previous analysis 
of the relative average contributions to quenching of each xanthophyll.  Linear scaling by the 
xanthophyll concentrations reproduces the observed wt quenching across a range of quenching 
values. This suggests that for the range of concentrations found in the mutants studied, the 
contributions of each molecule in the xanthophyll pool is indeed homogenous.  Microscopically, 
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this corresponds to a regime where the activation of quenching sites is limited by the availability 
of the xanthophylls, and not a regime limited by binding sites capable of quenching.  In the 
alternative regime, the ratio of participating sites to concentration of the xanthophylls would not 
scale linearly across the range of observed quenching values.  Instead, the quenching would scale 
linearly with the available binding sites.  At yet higher concentrations of xanthophylls, e.g. in 
mutants that more strongly over-express the xanthophylls, these regimes may no longer hold true. 
 Secondly, despite correctly predicting the ratio between the steady state and overshoot 
quenching upon scaling the contributions by the average concentrations of the xanthophylls, the 
additional common scaling factor, 𝛼, is still required to quantitatively predict the observed wt 
quenching values.  There are several possible explanations for the scaling factor.  For example, the 
presence of both xanthophylls may increase the density of quenching sites for a given 
concentration of each xanthophyll due to more efficient binding of the correct xanthophyll in 
certain sites.  Furthermore, there is evidence that substitution at lutein or zeaxanthin sites occurs 
in mutants lacking the preferred xanthophyll [36].  Upon substitution, changes in quenching rate 
due to the substitute xanthophyll could result in reduced quenching for a given density of 
quenchers in mutants lacking the correct xanthophyll.  Finally, in sites where zeaxanthin and lutein 
are in close proximity to both one another and a chlorophyll, the combined presence may work to 
cooperatively increase the quenching rate beyond the rates of quenching possible in the presence 
of either xanthophyll individually [29, 30].  However, because both lutein- and zeaxanthin-
dependent quenching are able to operate independently, it seems that zeaxanthin is unlikely to 
function solely as an allosteric regulator. Reasonable physical models [40] could help evaluate the 
extent that various possibilities could explain the behavior observed for wt quenching.  
Determining the density of quenching sites required to predict the lutein- and zeaxanthin-
dependent quenching and comparing to wt would indicate which, if any, of these effects is 
consistent with the observed behavior, but it may be difficult to decouple the product of quenching 
rate and quenching site density thus requiring additional constraints to separate these quantities. 
 
Conclusion  
There are multiple mechanisms that contribute to NPQ in wt plants.  We have demonstrated the 
use of NPQ data from various mutants to isolate specific contributions from lutein and zeaxanthin 
and use these to reconstruct the response of the wt, that results from several (two or more) different 
contributions.  The success of the approach of Kromdijk et al. in increasing plant productivity by 
changing expression levels of VDE, zeaxanthin epoxidase, and PsbS [3] indicates that optimizing 
the rates of violaxanthin to zeaxanthin and lutein epoxide to lutein interconversion along with the 
concentration of PsbS is a viable route to increased photosynthetic yield.  The kinetic model 
developed here will enable optimal values of concentrations and yields to be explored and tested 
in real field trials to determine if the 15% increase described in Nicotiana (tobacco) [3] can be 
further improved upon.  From the perspective of refining the model, the distinct differences 
observed between the two light-acclimation periods suggest that varying frequency periodic 
illumination periods could enable the separation of the multiple quenching processes that occur on 
different timescales, but, for example, all depend on the presence of zeaxanthin.    
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Materials and Methods 
Plant Material and Growth Conditions 
A. thaliana wild-type plants (Col-0) and mutant plants lut2, szl1, szl1npq1, szl1+NoZEP1, and 
szl1npq1+NoZEP1 were germinated on plates, transplanted to pots and grown in growth chambers 
under 110 μmol photons m-2 s-1  on a 10-hour day, 14-hour night schedule at 23◦C. A table of the 
mutant descriptions is shown in Table S1. The LxL cycle strains [35] were screened for 
homozygosity on plates containing Basta. The NPQ phenotype of these mutants, which contain 
zeaxanthin epoxidase from Nannochloropsis oceanica [41], was confirmed using an IMAGING-
PAM M-series (Heinz Walz) instrument to monitor NPQ capacity. Lastly, HPLC data confirmed 
the presence of lutein epoxide, which is conclusive evidence of the functionality of the non-native 
NoZEP1 in A. thaliana plants. All plants were between 6 and 9 weeks of age at the time of 
experiments and all measurements were completed before the stage of bolting as described 
previously [42].  
TCPSC Measurements 
Each sample set was comprised of 20 whole leaves from each respective genotype. Before TCSPC 
snapshot experiments, plants were dark-acclimated for 30 min to ensure that the relevant 
xanthophylls in plants containing xanthophyll cycles were in their inactive, epoxidized state at the 
start of the experiment. All plants lines except for lut2 were exposed to 745 μmol photons m-2 s-1 
during high light periods. Lut2 plants were subjected to 620 μmol photons m-2 s-1 during periods 
of high light to achieve similar quenched average lifetimes as szl1+NoZEP1 exposed to 745 μmol 
photons m-2 s-1 high light periods to facilitate comparison of the shape of the two decay curves at 
intensities where the average lifetimes of the two mutants are the same.  The decay curves of lut2 
and szl1+NoZEP1 were very similar, as were the fitted parameters, limiting the extraction of any 
mechanistic implications.  However, the change from 745 μmol photons m-2 s-1 to 620 μmol 
photons m-2 s-1 should not significantly impact the analysis reported in this work.  In contrast to 
PAM traces, data from TCPSC measurements are relatively insensitive to changes in high light 
intensity, as time resolving the fluorescence eliminates sensitivity to non-quenching processes 
including chloroplast avoidance [42].  The remaining differences that could have implications for 
the reconstruction of wt from components were subsequently accounted for by normalization of 
the average lifetimes and by the resulting zeaxanthin concentration in lut2 compared to wt. Plants 
were kept under 100 μmol photons m-2 s-1 of light when not being dark-acclimated and no plant 
was dark-acclimated more than once during any 1.5-hour period.  
After initial dark acclimation, TCSPC snapshots were collected during two cycles of high 
light followed by dark relaxation. The first cycle consisted of 20 min of high light, followed by 10 
min of darkness. The second cycle, immediately following the first cycle, consisted of 7 min of 
high light, followed by 3 min of darkness. Leaves were removed from dark-acclimated plants 
immediately prior to TCSPC experiments and placed in a home-built holder that allows the leaf 
surface to be mostly exposed to air to avoid overheating and drying during the experiment, and 
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has a small well to hold water for the petiole to take up during the experiment as described 
previously [42].  
The TCSPC setup was similar to the one described in Sylak-Glassman et al. [42] and in 
Amarnath et al. [43]. A 532 nm Coherent Verdi G10 diode laser pumped an ultrafast Ti:Sapph 
Coherent Mira 900f oscillator with the birefringence adjusted such that the center wavelength was 
840 nm with a FWHM of approximately 9 nm. The 840 nm output pulses from the Mira were then 
frequency doubled to 420 nm using a beta barium borate (BBO) crystal in order to excite the soret 
band of chlorophyll a (Chla). Before the sample area, the beam was split by a beam splitter so that 
a small portion was sent to a sync photodiode and acted as a reference pulse for the TCSPC 
measurements, while the remainder was sent to the sample area where it was incident on the leaf. 
Data were acquired using a Becker & Hickl SPC-850 data acquisition card in conjunction with the 
appropriate Becker & Hickl software and the sequence of shutter operations executed using 
LabView. The portion of the beam that reached the sample was incident on the leaf at a 70◦ angle 
to the adaxial side of the leaf. The average power of the laser at the sample was 1.75 mW, 
corresponding to about 1800 μmol photons m-2 s-1 of light, which is enough to reach saturation of 
closed reaction centers [44], with a pulse energy of 19.8 pJ. A monochromator (HORIBA Jobin-
Yvon; H-20) set to transmit 684±8 nm was placed before the MCP PMT detector (Hamamatsu 
R3809U MCP-PMT) in order to selectively observe fluorescence from the Qy band of Chla 
molecules in PSII. The actinic light source was a Leica KL1500 LCD with dual gooseneck fiber 
optic cables to allow for acclimation of two samples to the same light conditions simultaneously.  
The detector was cooled to -30◦C and the gain was set to 94% (controlled by Becker & 
Hickl software), yielding an instrument response function with a FWHM of 36-38 ps. Each 
fluorescence lifetime snapshot consisted of a one second period of laser exposure and data 
collection. The lifetime data was partitioned into five 0.2-s steps.  During subsequent analysis, the 
step with the longest average lifetime, which corresponds to the step with the highest fluorescence 
yield in a PAM trace, was retained as the measurement with the reaction centers closed, similar to 
[42]. 
Data Analysis 
In order to avoid the need for additional, physically meaningless lifetime components each curve 
was fitted individually to a biexponential function using non-linear least squares analysis rather 
than aligning the curves according to their maxima and summing them to average the data before 
fitting. This method also allowed for the step with the reaction center closed to be chosen before 
any averaging was done ensuring that the reaction centers were closed in each leaf for each 
snapshot rather than just on average. Standard deviations on each fit parameter were calculated 
from the Jacobian and a reduced χ2 value was calculated for each fit in order to confirm goodness 
of fit. Residuals of several curves from each dataset were examined as an additional check on 
goodness of fit. Furthermore, singular value decomposition revealed only two components, 
validating the use of a bi- exponential function to fit the data (Fig. S2).  
Once each curve was fitted to a bi-exponential decay function, the amplitude weighted 
average lifetime associated with each decay was calculated and the uncertainty associated with it 
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determined from the standard deviation of the fit parameters. Next, the step with the longest 
lifetime was chosen as the step with the reaction centers closed to saturation. At this point, the rest 
of the data were discarded and only the data collected when the reaction centers were identified as 
closed to saturation were further analyzed. The fits for each snapshot were used to calculate 
uncertainty-weighted averages of each of the components across 20 leaf samples. Due to normal 
variability in fluorescence yield from different leaves it was necessary to normalize the amplitudes 
associated with the decay times to sum to one in order to make them comparable across all samples. 
The average amplitude weighted lifetime across 20 samples was calculated for each snapshot from 
the uncertainty weighted averages of the fit parameters and the uncertainties on the parameters 
were then used to calculate the uncertainty on the average amplitude weighted lifetime for each 
decay. Each decay time, amplitude and average amplitude weighted lifetime for each 
snapshot/decay was then bootstrapped by examining the variation across resampling of the data 
from the 20 samples collected for each snapshot during TCSPC. Since the amplitudes were 
normalized to sum to one, their uncertainties cannot be decoupled. The uncertainty on the 
amplitude of the shorter decay time was calculated first, and the uncertainty on the amplitude of 
the larger decay time was then back calculated. The standard deviations were obtained by 
calculating a 68% confidence interval from the resampled dataset generated during bootstrapping. 
These confidence intervals were used to generate error bars on the traces of amplitude weighted 
average lifetimes during TCSPC measurements.  
Monte Carlo Methods to Determine Available Xanthophyll Pools.   
In order to estimate the fraction of the detected xanthophylls available to undergo de-epoxidation, 
Monte Carlo methods were employed to determine a constant background pool.  Many samples of 
time series for each xanthophyll were generated from a normal distribution using the mean and 
standard deviation observed from the measurements at each point in the light acclimation scheme.  
The minimum value of the concentration of each xanthophyll across a sample time series was 
selected as the value of background xanthophyll in the time series.  For, e.g., violaxanthin, the 
minimum within a single time series usually occurred following twenty minutes of light 
acclimation.  The mean minimum values were subsequently determined and identified as the 
portion of the measured xanthophyll concentrations that did not contribute to the kinetic behavior 
of de-epoxidation and re-epoxidation observed.  
Model Estimation.  
Models of the kinetic behavior of the carotenoids and of quenching were fit to HPLC data points 
and values of reversible quenching described previously.  The nonlinear greybox estimation tools 
provided in MATLAB were used to determine best fit values of the parameters, by evaluating the 
normalized mean square error, expressed as a percentage.  Sets of parameters were initialized on 
a grid in order to determine global best fits for each model.  Because the algorithm requires equally 
spaced time points, when a missing time point was required as in the case for the carotenoid kinetic 
modeling, a dummy point was inserted and allowed to vary by resetting to the predicted value of 
the fit and repeating until the results converged.  The normalized mean square error values, 
expressed as percentages, were greater than 80% for each mutant model fit; and 68% for the fit of 
the wt model to data.  Values for the carotenoid fit were all greater than 60% for the active 
xanthophyll, but due to the small number of time series data points, the fits to HPLC data are only 
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valuable as estimates.  0% corresponds to a straight line at the mean value of the data; 100% is a 
perfect fit. 
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Figure S1. HPLC Results for mutants of A. thaliana after light treatment corresponding to TCSPC 
snapshot measurements.  (a)-(f) Light conditions for each set A-D consist of initial dark 
acclimation (Set A) followed by a scheme corresponding to the light acclimation scheme used for 
TCPSC measurement.  (See text.) Set B corresponds to samples after the first twenty minutes of 
light acclimation of the scheme. Set C corresponds to samples after the next ten minutes of dark 
acclimation.  Set D corresponds to samples acclimated to the subsequent light-dark cycle of seven 
minutes of high light followed by five minutes of dark.   
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Figure S2. Singular Value Decomposition (SVD) results for the whole data set.  The average U 
and V vectors corresponding to the largest three singular values are shown for wt (blue), lut2 (red), 
szl1 (yellow), szl1npq1+NoZEP1 (purple), szl1+NoZEP1 (green), and szl1npq1 (cyan).  Using the 
standard definition of the SVD, X = USV*, the decompositions were performed on matrices, X, 
composed of the vectors of raw fluorescence lifetime data corresponding to the actinic time points 
observed for a sample.  The resulting decompositions were averaged over the 20 samples for each 
line.  In this construction, U is composed of the actinic light acclimation time basis vectors, V is 
composed of the ultrafast dynamics basis vectors, and S holds the singular values. The first two 
basis vectors of the ultrafast dynamics basis set clearly exhibit structure; the third exhibits far less 
structure.   The actinic light acclimation basis set vectors exhibit two components with structure; 
the third exhibits noise.  The singular values corresponding to the sets {U1, V1}, {U2, V2}, and 
{U3, V3} drop by an order of magnitude between each set.  This indicates that fitting more than 
two components does not extract additional meaningful information, reflecting the tradeoff 
between limited data collection time of snapshot measurements and the dynamic range of the 
fluorescence decay curves. 
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Figure S3. Dynamics of thylakoid membrane ∆pH in terms of [H+] concentration gradient and 
activation of PsbS and VDE. The black line shows the [H+] concentration for the light acclimation 
scheme shown in the light and dark bars superimposed on the plot. It displays a rapid spike upon 
high light exposure followed by a decay to a steady state value; upon dark acclimation, [H+] 
concentration rapidly recovers to a dark adapted quasi-steady-state value. The blue line shows the 
normalized activity of VDE, which is activated upon the formation of the pH gradient. The red 
line shows the normalized activation of PsbS upon the formation of the pH gradient. All values 
were obtained from the model provided in Zaks et al. [38].  
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Figure S4. Dynamics of the szl1+NoZEP1 LxL cycle in response to the light acclimation scheme 
shown in the light and dark bars superimposed on the plot fit to HPLC data are shown here. The 
data are represented by a fit of the fractional concentration of the available pool of lutein and lutein 
epoxide to the available pool of xanthophylls determined from analysis of HPLC measurements 
(see Methods section of the text) at four time points (open circles with error bars denoting SD for 
n=8) using a first-order kinetic model with a pH gradient dependent rate of de-epoxidation (solid 
lines). 
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Figure S5. Dynamics of the lut2 VAZ cycle in response to the light acclimation scheme shown in 
the light and dark bars superimposed on the plot fit to HPLC data are shown here. The data are 
represented by a fit of the fractional concentration of the available pool of violaxanthin, 
antheraxanthin, and zeaxanthin to the available pool of xanthophylls determined from analysis of 
HPLC measurements (see Methods section of the text) at four time points (open circles with error 
bars denoting SD for n=8) using a first-order kinetic model with a pH gradient dependent rate of 
de-epoxidation (solid lines). 
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Name Mutation Effect 
Col-0 (wt) N/A N/A 
lut2 Mutated lycopene ε-cyclase 
(LCYE) 
Mutated LCYE inhibits formation of α-carotene 
and lutein. 
szl1 Mutated lycopene β-cyclase 
(LCYB) 
Mutated LCYB partially inhibits β-carotene 
formation and severely restricts accumulation 
of  zeaxanthin, antheraxanthin, and 
violaxanthin. 
szl1npq1 Mutated lycopene β-cyclase 
(LCYB) and mutated 
violaxanthin de-epoxidase 
(VDE) 
Mutated LCYB partially inhibits β-carotene 
formation and severely restricts accumulation 
of  zeaxanthin, antheraxanthin, and 
violaxanthin. Mutated VDE inhibits formation of 
zeaxanthin from antheraxanthin and 
violaxanthin. 
szl1+NoZEP1 Mutated lycopene β-cyclase 
(LCYB), addition of zeaxanthin 
epoxidase from 
Nannochloropsis oceanica 
(NoZEP1) 
Mutated LCYB partially inhibits β-carotene 
formation and severely restricts accumulation 
of  zeaxanthin, antheraxanthin, and 
violaxanthin. Lutein is converted to lutein 
epoxide in dark conditions by NoZEP1, and 
lutein epoxide is converted to lutein in high light 
conditions by VDE, forming the LxL cycle. 
szl1npq1+NoZEP1 Mutated lycopene β-cyclase 
(LCYB) and mutated 
violaxanthin de-epoxidase 
(VDE), addition of zeaxanthin 
epoxidase from 
Nannochloropsis oceanica 
(NoZEP1) 
Mutated LCYB partially inhibits β-carotene 
formation and severely restricts accumulation 
of  zeaxanthin, antheraxanthin, and 
violaxanthin. Mutated VDE inhibits formation of 
zeaxanthin from antheraxanthin and 
violaxanthin and lutein from lutein epoxide in 
high light conditions. 
Lutein is converted to lutein epoxide in dark 
conditions by NoZEP1. 
Table S1: Lines of A. thaliana studied with explanation of mutations and effect on xanthophyll 
content and dynamics. 
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Chapter 3: Periodic actinic light exposure reveals complex 
roles of PsbS and zeaxanthin in the regulation of 
nonphotochemical quenching in Arabidopsis thaliana 
This chapter reproduces an manuscript entitled “Periodic actinic light exposure reveals complex 
roles of PsbS and zeaxanthin in the regulation of nonphotochemical quenching in Arabidopsis 
thaliana,” by J. M. Morris, K. K. Niyogi, and G. R. Fleming, prepared for submission to J. Chem. 
Phys. B. 
The analysis and modeling performed in the work described in Chapter 2 indicated that the 
observed timescales of the induction of quenching upon initial exposure to high light after full dark 
acclimation included both the effect of an intrinsic regulation of zeaxanthin dependent quenching 
and the regulatory effect of the accumulation of zeaxanthin in Arabidopsis.  However, the effects 
of longer term quenching processes may also prevent the observed timescale in the second period 
from representing a regulatory rate intrinsic to the activation of a zeaxanthin dependent quenching 
mechanism: longer term quenching mechanisms were accounted for by comparison to a mutant 
line deficient in zeaxanthin and lutein.   
In addition, although the mathematical model was able to reproduce the combined effects of 
zeaxanthin- and lutein-dependent quenching in wild type from the mutant lines with isolated 
contributions of zeaxanthin and lutein, the process of fitting the differential equation based model 
using greybox estimation techniques has little predictive power for changes in regulatory protein 
concentrations.  Such predictive power is necessary to develop models suitable for the optimization 
of protein expression levels of various regulatory proteins to increase crop yields. 
A natural refinement of the two light exposure period measurement is in turn a multiple light 
exposure period measurement, able to isolate regulatory timescales of multiple processes within a 
single mutant line.  This is particularly useful to investigate separate regulatory processes that may 
depend on common biochemical regulators, such as zeaxanthin that appears to influence the 
regulation of quenching on multiple timescales that cannot easily be isolated via genetic 
manipulation. 
This chapter describes measurements that were performed on a series of mutants including the 
wild type, szl1 that lacks zeaxanthin, and L17 and npq4 that overexpress another important 
regulatory protein, PsbS, respectively over a series of periodic actinic light exposure.  Over 
successive periods, the quenching induction and recovery within a period oscillated in response to 
high and dark light inside an envelope of the maximum quenching and recovery over successive 
periods.  After several periods, the envelopes equilibrated, allowing the intrinsic rapid regulatory 
induction and relaxation timescales of each line to be determined without relying on isolating the 
contributions of components from multiple mutant lines.  The measurements revealed important 
roles of zeaxanthin and PsbS that are suggested to depend on protein conformational changes and 
membrane reorganization. 
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Abstract 
Photosynthetic organisms employ various photoprotective mechanisms to dissipate excess 
photoexcitation as heat in a process called non-photochemical quenching (NPQ). Regulation of 
NPQ in response to varying light intensity operates on multiple timescales, but often the regulation 
at different timescales depends on shared biochemical regulatory components, such as the 
accumulation of the carotenoid zeaxanthin or the presence of the pH-sensitive PsbS protein.  This 
makes distinguishing contributions of different regulatory responses to the overall response by 
comparing the initial step response of various mutant lines difficult.  In order to simultaneously 
resolve timescales of regulatory processes operating on different timescales, but with shared 
biochemical regulators, time correlated single photon counting (TCSPC) measurements were 
performed on several Arabidopsis thaliana mutants during periodic actinic light exposure.  Over 
successive periods of actinic light, TCSPC measurements show distinct intra-period and inter-
period dynamics and demonstrate complex roles of the biochemical regulators PsbS and 
zeaxanthin in both fast and slow timescale responses of NPQ.  Comparison between mutant lines 
suggests evidence of a role of PsbS in the longer timescale quenching response not previously 
emphasized.  Finally, a mathematical model was constructed demonstrating how short timescale, 
rapidly reversible quenching processes and longer timescale quenching processes combine to 
produce the overall quenching response.    
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Introduction 
The initial step of photosynthesis requires absorption of light to drive charge separation via 
photochemistry [1]. However, fluctuating incident sunlight can transiently exceed the ability of 
photosynthetic organisms to use the absorbed energy for productive charge separation and can 
damage the photosynthetic apparatus.  Photosynthetic organisms therefore regulate 
photoprotective processes in response to light conditions to ensure that excess absorbed light is 
dissipated safely across a range of light intensities [2].  Recent work has shown that increasing 
photosynthetic organisms’ ability to rapidly match the level of photoprotection to the incident light 
can improve crop yields [3]. 
Of the two major photosystems and their photoprotective mechanisms, photosystem II 
(PSII) experiences longer lived excitation kinetics and is more susceptible to damage than 
photosystem I when incident light absorption outpaces charge separation [4].  The suite of 
photoprotective mechanisms that protect PSII have been the subject of intense study.  The 
mechanisms result in a phenomenon called non-photochemical quenching (NPQ), the reduction in 
the observed chlorophyll a fluorescence due to the dissipation of excess excitation by mechanisms 
other than photochemistry [5, 6, 7].  NPQ processes allow for rapid induction of photoprotection 
in response to excess light, but slower timescale processes are also present that lead to a period of 
suboptimal photosynthetic efficiency [8] when transient high light intensities return to lower light 
intensities.  Detailed understanding of the complex regulatory processes that constitute NPQ could 
allow for optimizing photoprotective systems to improve crop yields [3] or utilizing biomimetic 
protective schemes in bio-inspired energy devices [9].  
In plants, “components” of NPQ have historically been separated by the timescales of the 
induction and relaxation of the phenomena.  At the two extremes are qE, the rapidly reversible, 
energy-dependent quenching component, and qI, the slowly reversible component associated with 
PSII photoinhibition [10, 11].  The different induction and relaxation timescales used to classify 
components are fundamentally regulatory signatures, but the interpretation of these timescales 
usually also relies on an underlying assumption that each regulatory-based component is 
attributable to a distinct underlying photochemical mechanism – a specific physical process by 
which the excess excitation energy is dissipated.  There is a key distinction between the regulatory 
processes and mechanisms: the regulatory processes are the means by which dissipative 
photochemical mechanisms (that operate on ultrafast timescales) are controlled as opposed to 
dissipative mechanisms themselves. Identifying molecular mechanisms of energy dissipation and 
relating these mechanisms the observed regulatory responses by monitoring unique signatures 
would help to resolve the nature of the various regulatory components, but as of yet, there is little 
consensus on the roles of specific molecular mechanisms in NPQ [12, 13].  
Further complicating the difficulties in identifying molecular mechanisms associated with 
each NPQ component, there are a number of ambiguities in the temporal separation of these 
components [14].  Attempts to isolate the contributions of biochemical players have led to 
conflicting evidence about the regulatory functions and mechanisms involved.  The literature 
suggests that qI depends on some combination of the presence of zeaxanthin [15, 16], membrane 
reorganization [17- 21], the protein PsbS (that also primarily influences qE) [18,19], and other 
proteins [22].  Zeaxanthin appears to also play a role in both qE, serving as a direct participant in 
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the molecular mechanism of quenching [23-27] or as an allosteric regulator [28], and another 
component “qZ” that depends on zeaxanthin but operates at timescales between qE and qI [29]. 
Despite difficulties in identifying specific molecular mechanisms of energy dissipation 
associated with each component of the quenching response, many important biochemical 
regulatory processes affecting rapidly reversible qE have been identified.  qE is triggered by a pH 
gradient, ∆pH, formed across the thylakoid membrane when charge separation due to productive 
photochemistry outpaces the activity of ATP synthase and other downstream processes [30]. PsbS, 
which contains exposed protonatable residues, has been shown to be a sensor of ∆pH [31], and is 
necessary for the rapid regulation characteristic of qE [32] that occur via interactions with other 
pigment protein complexes [33].  In parallel, upon the formation of ∆pH, violaxanthin de-
epoxidase (VDE) is activated, converting violaxanthin to antheraxanthin and zeaxanthin in the 
VAZ cycle.  The VAZ cycle is necessary for the complete induction of qE [34] and influences the 
rapid regulatory effects of PsbS [35].  However, zeaxanthin is also linked to changes in slower 
timescale processes, including qI and qZ [15, 29].  Therefore, distinguishing the unique roles these 
shared biochemical regulators play in each component, in order to determine opportunities to 
optimize yields or design biomimetic devices, requires experimental methods that can distinguish 
between the regulatory components without relying on modifications of the biochemical regulatory 
system. 
Fluorescence measurements are the most common experimental probe of quenching in 
intact photosynthetic systems.  However, a quantitative interpretation of the meaning of 
fluorescence measurements used to observe NPQ requires an underlying physical understanding 
of the energy transfer and quenching processes incorporated into mathematical models.  
Traditionally, these models fell into either “lake” or “puddle” regimes [36], that describe opposing 
limits of the connectivity of energy transfer amongst pigment-protein complexes containing 
antenna, reaction centers, and quenching sites.  Energy enters the system upon absorption by a 
chlorophyll, and can diffuse through the membrane much like ink dropped into water.  In the limit 
of a highly connected energy transfer network, many reaction centers are accessible by excitations 
originating in an antenna, as if the reaction centers were spread out in a “lake” of antennae.  In the 
opposing limit, only one reaction center is accessible to excitations originating in the antenna near 
that reaction center, as if the membrane could be pictured as a group of antenna “puddles” each 
with a reaction center.   
Modern membrane-scale computational models of energy transfer and quenching [37, 38] 
suggest that the photosynthetic membrane operates somewhere between these two limits, and in 
the presence of quenching, can be pictured using a new “contracting lake” model.  In the new 
“contracting lake” model, quenching serves to decrease the effective diffusion length of an exciton 
when quenching sites are active and function as traps, thereby decreasing the size of the “lake.”  
The observed fluorescence lifetime in this picture is a function of the product of an intrinsic rate 
of quenching of a particular quenching site and the density of available quenching sites.  The 
intrinsic rate of quenching includes contributions from both the rate of energy transfer to a state 
that can quench and the rate at which that state dissipates energy.  In macroscopic fluorescence 
lifetime measurements, these two factors cannot be disentangled.  This makes drawing conclusions 
about photochemical mechanisms of dissipation from fluorescence lifetime measurements 
difficult.  However, the regulatory timescales of induction and relaxation of quenching apparent 
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in fluorescence lifetime measurements still provide insight into constraints that any proposed 
underlying photochemical mechanism or combination of mechanisms, regulated individually or 
together by various components, must be able to satisfy.  
In accordance with the traditional view that each regulatory component of NPQ operates 
independently with distinct associated photochemical mechanisms, much of the literature 
measures the change in the quenching response during a single time period of high light exposure 
after a sample is fully dark acclimated, followed by a single time period of dark recovery, usually 
in a pulse amplitude modulated (PAM) fluorescence yield measurement [14, 16-18, 22, 23, 27-29, 
31-33, 35].  Recent experiments with two consecutive light and dark periods have shown that the 
lifetime decays [39], the regulatory character, and the magnitude [40] of the initial induction of 
quenching upon exposure to high light are different in the subsequent re-exposure to high light.  
These experiments suggest deficiencies in the view that each component operates independently.  
At the very least, the regulation of different mechanisms must be coupled in some manner in order 
to achieve the different behaviors of the rapidly reversible quenching that depend on the state of 
other regulatory mechanisms.  Although counter to the prevailing view, a simple proposed 
explanation is that the coupling occurs because different regulatory components affect shared 
dissipative photochemical mechanisms [41].   
Amongst many proposed mechanisms of dissipation, two leading candidates include: 1) 
excitation energy transfer (EET) to a carotenoid like zeaxanthin or lutein, followed by non-
radiative decay of energy and 2) the formation of a radical cation charge transfer (CT) complex 
between a carotenoid like zeaxanthin and a neighboring chlorophyll, followed by charge 
recombination to dissipate the energy [12,13].  Because the electronic states of the carotenoids are 
so close in energy, even small transient changes in the coupling of excited states of adjacent 
chlorophylls to the various excited states of the carotenoids could result in either mechanism of 
dissipation at the same quenching site [42-44], suggesting that the two mechanisms could easily 
co-occur in a macroscopic collection of sites.  Both transient absorption studies that observe 
simultaneous signals of charge transfer quenching and excitation energy transfer quenching [45, 
46, 47] and single-molecule fluorescence experiments showing that pigment-protein complexes 
rapidly transition between multiple states that all display quenching behavior [48,49] further 
support this view. 
Within a “contracting lake” picture [38], excitations may visit multiple quenching sites 
before dissipation occurs.  The probability that quenching occurs during any given visit to a 
particular quenching site depends on the intrinsic rate of quenching at that site.  In either case, the 
rates of energy transfer to a carotenoid or formation of a charge transfer complex are potentially 
sensitive to small conformational changes of the pigment-protein complex.  Larger changes in 
protein conformation may reduce the rate of energy transfer to a suitable quenching site so much 
that the quenching site is effectively inactive, changing the perceived density of quenching sites, 
further complicating attempts to distinguish experimentally between intrinsic quenching rate and 
density of quenching sites.  Apart from conformational changes, chemical composition of the 
pigment-protein complex (e.g. the presence of violaxanthin vs. zeaxanthin) could also impact the 
nature of the quenching.  This complexity suggests that attempts to assign distinct photochemical 
mechanisms (or, alternately, quenching sites) to traditional components of quenching may not be 
feasible or even representative of the underlying physical processes.  A diagram depicting possible 
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regulatory mechanisms operating on shared photochemical mechanisms of dissipation, occurring 
at quenching sites, is shown in Figure 1.   
  
 
Figure 1. Diagrammatic representation of the photosynthetic membrane in two hypothetical states 
resulting in quenching via a carotenoid, with annotations indicating potential physical changes that 
can be described with a kinetic scheme for the regulation of macroscopic quenching behavior.  
Each change between the left and right states may impact the observed quenching by altering either 
the intrinsic quenching rate or the effective density of quenching sites, but with macroscopic 
measurements, only the product of these two factors determines the observed quenching.  Green 
circles represent light harvesting complex II (LHCII).  Orange and yellow circles within the LHCII 
represent various carotenoids that may be substituted or interconverted as part of the regulatory 
process, including e.g. zeaxanthin from violaxanthin via the VAZ cycle.  Changes in the location 
of the carotenoid within the LHCII conceptually represent (potentially complex) changes in LHCII 
conformation.  PsbS conformational changes in response to the formation of ∆pH are represented 
by the change in size of the blue rectangles.  Membrane organization changes are represented by 
the presence or absence of core photosystem II complexes, shown in grey.  
 
The maximum observable quenching requires a combination of factors to occur 
simultaneously: the presence of PsbS inducing conformational changes in antenna proteins such 
as light-harvesting complex II (LHCII) in response to ΔpH [16, 30-33, 35] under optimal chemical 
composition of carotenoids in LHCII [16, 34, 35] and optimal membrane organization [18-21].  
This is the case for either the traditional formulation or a formulation where regulatory components 
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operate on shared quenching sites.  Upon initial exposure of a fully dark-acclimated sample to high 
light, each of the regulatory processes begins simultaneously to induce (turn on) quenching.  
However, each causes effects on different timescales.  The initial response of the rapid induction 
of quenching that is observed experimentally when a fully dark-acclimated sample is exposed to 
high light is therefore due to the combination of effects and not solely the fastest timescale 
component.  In general, this is valid (in the macroscopic kinetic sense) for either formulation. 
Upon subsequent exposure to dark, the fastest timescale processes rapidly recover from 
(turn off) quenching, but slower timescale processes limit the ability of the sample to return to a 
fully unquenched state.  After an incomplete recovery, when exposed again to high light, the faster 
regulatory processes are again induced, but because quenching has not fully recovered, the 
observed induction of quenching in subsequent periods will be different than the initial period.  
Again, this is valid (in the macroscopic kinetic sense) for either formulation. 
The two cases differ in how the effects combine.  In the case of independent mechanisms, 
without coupling, the combination of the regulatory timescales would simply add to result in the 
observed quenching, with the magnitude and timescale of rapid quenching unaffected by the states 
of slower quenching components.  This is often implied in the determination of NPQ components 
from measurements of a single light exposure and relaxation period via subtraction [7].  However, 
in the case that the regulatory processes operate on shared dissipative mechanisms or quenching 
sites, the processes are inherently coupled and the magnitudes and intrinsic timescales of the 
rapidly reversible quenching may change in subsequent re-exposure to high light.   
Fluorescence measurements under periodic actinic light exposure allow for the 
simultaneous observation of the fast and slow regulation of quenching, without relying on 
modification of the biochemical regulatory system.  Isolating the response components by 
comparison across mutants requires the assumption that the biochemical regulatory process 
deficiencies that occur due to mutation (e.g. a violaxanthin de-epoxidase knockout that inhibits the 
ability of a plant to accumulate zeaxanthin) only influence a single response component, despite 
strong evidence to the contrary - specifically the dual role of zeaxanthin in “qE” and “qZ.”  [21-
27].  Separating the regulatory response dynamics by timescale with periodic exposure instead 
allows the subsequent comparison between the mutant lines to directly address the effects of the 
presence or absence of the biochemical regulatory processes on individual components of the 
quenching responses, and the dependence of rapid regulation on slower regulatory processes.  
These considerations are necessary to develop a quantitative understanding of contributions of the 
various regulatory elements under realistic light exposure conditions.  
Periodic light exposure patterns are also more representative of the light exposure patterns 
plants are subjected to in natural conditions [50].  Various A. thaliana mutants with modified NPQ 
phenotypes display different levels of fitness under growth conditions with fluctuating light than 
in steady-state growth light [51]. In addition, long term exposure to periodic photoinhibitory light 
during growth influences seed yields, but with similar photochemical yields of photosynthesis 
compared to growth under constant light [52].  Therefore, attempts to optimize the quenching 
response to light fluctuations [3, 8] must account for how changes to the various biochemical 
regulators influence more than a single response component and how the various response 
components, in turn, influence yields.  Here, time correlated single photon counting (TCSPC) 
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measurements of the fluorescence lifetime are performed on whole leaves under exposure to 
periodic actinic light.  
Methods 
Chlorophyll fluorescence lifetime “snapshot measurements” of whole leaves of A. thaliana were 
collected via time correlated single photon counting (TCSPC) in order to measure changes in the 
fluorescence lifetimes (ps-ns) of chlorophyll a (Chla) of PSII in response to actinic light exposure 
(s-min).  TCSPC measurements of fluorescence lifetime are less sensitive to changes in 
absorbance, due to e.g. chloroplast avoidance, than traditional yield measurements [53], allowing 
longer actinic light exposure patterns to be studied.  The genetic lines studied included wild type 
(wt; Col-0 ecotype), szl1, a mutant that does not accumulate zeaxanthin, but instead maintains high 
levels of lutein [54], a PsbS-overexpressing transgenic line L17 [55], and the PsbS-deficient 
mutant npq4 [56].  Plants were germinated on MS plates, transplanted to pots and grown in growth 
chambers under 110 μmol photons m-2 s-1 on a 10-hour day, 14-hour night cycle at 23◦C.  All 
plants were between 5 and 8 weeks of age at the time of experiments, and all measurements were 
completed as described previously [39, 40].  These mutant lines allow for a comparison of the 
effects of both PsbS and zeaxanthin in rapid and moderate-to-long timescale quenching dynamics 
usually classified as qE, qZ, or qI. 
After an hour of initial dark acclimation, leaves were removed from the plant and placed 
in a sample holder.  A 532 nm Coherent Verdi G10 diode laser pumped an ultrafast Ti:Sapph 
Coherent Mira 900f oscillator with center wavelength of 840 nm and  FWHM of approximately 9 
nm. The 840 nm output pulses from the Mira were then frequency doubled to 420 nm using a beta 
barium borate crystal in order to excite the Soret band of Chla.  The beam was split, with a portion 
directed to a sync photodiode providing a reference for TCSPC measurements, while the remainder 
was directed to the sample.  The portion of the beam that reached the sample was incident on the 
leaf at a 70◦ angle to the adaxial side of the leaf.  The average power of the laser at the sample was 
1.75 mW, corresponding to approximately 18,000 μmol photons m-2 s-1 of light, saturating 
reaction centers [57].  Fluorescence was collected through a monochromator (HORIBA Jobin-
Yvon; H-20) set to transmit 680±8 nm placed before the MCP PMT detector (Hamamatsu R3809U 
MCP-PMT) in order to selectively observe fluorescence from the Qy band of Chla molecules in 
PSII. The detector was cooled to -30◦C and the gain was set to 94% yielding an instrument 
response function with a FWHM of 36-38 ps.  Data were acquired using a Becker & Hickl SPC-
850 data acquisition card using a sequence of trigger and shutter operations executed using 
LabView.  The actinic light source was a Leica KL1500 LCD.    
TCSPC snapshots were collected at 30 s intervals over ten four-minute full periods of high 
light (700 μmol photons m-2 s-1) and dark.  The full light and dark period consisted of 2 min of 
high light and 2 min of dark.  Five fluorescence decays were collected for each 0.2 s step each 
during a 1 s snapshot measurement and fit to biexponential functions using re-convolution fitting 
with the measured instrument response function.  The amplitude weighted average lifetime for 
each decay was calculated, and the step with the longest lifetime was chosen as the step with the 
reaction centers closed to saturation as described in previous work [39, 40].  
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High snapshot time resolution is required to resolve the timescale of the rapid induction of 
quenching upon the transition from dark to high light.  The measurements at 30 s snapshot 
resolution were collected at two “phase offsets” describing the initial timepoint: one starting at 0 
s (resulting in measurements at 0 s, 30 s, 60 s, and so on) and another at 15 s (resulting in 
measurements at 15 s, 45 s, 75 s, and so on).  In order to achieve a 15 s snapshot resolution from 
the 30 s resolution data at each phase offset, pairwise combinations of leaf samples were combined 
and a 1st order Butter filter with a critical frequency of 15 s was applied to remove high frequency 
oscillation due to leaf-to-leaf variability.  The resulting filtered traces were averaged using a 
standard mean at each time point to obtain fluorescence lifetime traces.  Error was estimated as 
the standard deviation of the filtered pairwise combinations using a bootstrapping process. 
To measure quenching, NPQ_τ values were calculated from the mean snapshot lifetime 
traces, as previously described [39, 40], and analogously to the traditional NPQ parameter(s) [1]. 
Error was estimated via the standard deviation of a bootstrap sampling process for the four mutants 
exposed to each periodic pattern.  In order to quantify inter-period behavior, upper and lower 
envelope traces were obtained by selecting the NPQ_τ values at the light to dark transition 
(maximum quenching) and dark to light transition (maximum recovery).   
Results and Discussion 
Figure 2 shows a scatter plot of representative snapshot lifetime values collected from separate wt 
leaves at 30 s resolution and at the two phase offsets, overlaid with the mean and uncertainty values 
obtained by combining the data from the two phases to achieve 15 s resolution. Although 
individual series of snapshots obtained from a single leaf are consistent from snapshot to snapshot, 
there is noticeable leaf-to-leaf variability that introduces high frequency measurement error when 
interleaving the two phases that is eliminated with a 1st order Butter filter. 
The mean snapshot traces for each mutant show the response pattern to the repeated light 
and dark exposure.  In the high light portions of the periods, the lifetime rapidly decreases due to 
quenching.  In subsequent dark recovery portions of the period, the lifetime recovers.  Between 
successive periods, both the maximum reduction in the lifetimes due to quenching within a period 
and the recovery of the lifetimes within a period display longer timescale dynamics. After a few 
periods, the minimum lifetimes due to maximum quenching during high light saturate, followed a 
few periods later by the saturation of the maximum recovery lifetimes during dark relaxation.  By 
the end of the ten periods, dynamics reach a quasi-periodic steady state, with only small variations 
between periods.  This type of oscillatory behavior is common in electronic circuits and in signal 
processing, where the smooth curves that describe time dependent extrema or amplitudes of an 
oscillatory signal are referred to as “envelopes.” 
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Figure 2. Scatter plot of scalar snapshot lifetime values collected from wt leaves (points, multiple 
colors corresponding to different leaf samples) at 30 s resolution at 0 s and 15 s phase offsets, 
overlaid with mean obtained from pairwise combination and application of a 1st order Butter filter 
(blue, error bars SD, n=9).   
 
The intra- and inter-period dynamics separate the rapid and moderate-to-long timescale 
quenching dynamics that depend on common biochemical regulators.  In later periods, the 
magnitude and timescales of rapidly reversible quenching (qE) can be determined distinctly from 
magnitudes and timescales of moderate timescale dynamical components (qZ or qI) that appear in 
period-to-period comparison without requiring comparison between different mutant lines.  In 
many experiments that only examine a single light period, the induction timescales of components 
can only truly be separated by comparing mutant lines deficient in one or more biochemical 
regulatory process(es).  Experiments that separate magnitudes of components from within a single 
line rely on differences in relaxation timescales and are only able to separate the relative 
magnitudes of various components. 
Inter-period Dynamics 
Figure 3 shows traces of 𝑁𝑃𝑄𝜏  values for wt, L17, szl1, and npq4.  In order to quantify the inter-
period behavior, both the upper and lower envelopes were fit to exponential decays.  Although 
multiple regulatory processes occur at different timescales, such as the accumulation of zeaxanthin 
and long timescale structural reorganizations, only a single time constant was resolvable in the 
envelopes.  Fit values are provided in Table 1.  
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In all periods, the npq4 mutant deficient in PsbS displays very little rapidly reversible 
quenching, in agreement with previous observations [39].  However, it still shows a slow increase 
in 𝑁𝑃𝑄𝜏  over successive periods, although the difference in the timescales between the maximum 
quenching in the light and the recovery levels in the dark is within a single standard deviation.  
Although npq4 accumulates zeaxanthin, the difference in the timescale between de-epoxidation in 
high light and epoxidation in low light is greater than a factor of ten [58].  Zeaxanthin reaches near 
full accumulation in the first few periods, and does not significantly relax to antheraxanthin or 
violaxanthin in the short dark relaxation time, according to previous high-performance liquid 
chromatography measurements [40, 46].  Therefore, in later periods, the behavior of the inter-
period dynamics should be attributable to slowly reversible or irreversible quenching processes 
occurring without changes due to zeaxanthin accumulation or the presence of PsbS.  
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A)  
 
B) 
 
Figure 3. Comparison of 𝑁𝑃𝑄𝜏  traces (error bars, SD via bootstrap resampling), envelope fit (solid 
line) and 1 𝜎 fit confidence intervals (dashed lines) for each line: wt (blue), L17 (orange), szl1 
(green) and npq4 (red). The three PsbS-containing lines (wt, L17, and szl1) show rapid oscillatory 
quenching induction and relaxation within each period.  The PsbS-deficient mutant npq4 does not 
show the strong oscillatory behavior.  A) Maximum quenching envelope obtained from the 
selection of trace values at the light to dark to dark transition and fit to a single exponential decay. 
B)  Maximum recovery envelope obtained from selection of trace values at the dark to light 
transition and fit to a single exponential decay.  Note that  the similarities between the maximum 
recovery envelope of szl1 and WT in B make the fit plots difficult to distinguish visually, and due 
to the lack of strong oscillatory behavior in npq4, the envelope fit (dashed line) overlaps with the 
fluorescence lifetime trace (solid line) in A and B.  Table 1 contains the fit values. 
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Table 1.  Fit Values for Maximum Quenching and Recovery Envelopes 
Maximum Quenching Fit Values:  𝑁𝑃𝑄𝜏
max(𝑡) = 𝑎 𝑒−𝑏𝑡 + 𝑐 
 a 1/𝑏 (minutes) c 
wt −2.09 ± 1.13 3 ± 1 1.86 ± 0.02 
L17 −3.45 ± 0.08 13 ± 3 4.37 ± 0.16 
szl1 −85 ± 126 0 ± 0 1.26 ± 0.01 
npq4 
 
−1.62 ± 0.25 29 ± 9 1.49 ± 0.28 
 
Maximum Recovery Envelope Fit Values:  𝑁𝑃𝑄𝜏
min(𝑡) = 𝑎 𝑒−𝑏𝑡 + 𝑐 
 a 1/𝑏 (minutes) c 
wt −0.86 ± 0.02 8 ± 1 0.81 ± 0.04 
L17 −1.91 ± 0.05 14 ± 2 1.82 ± 0.06 
szl1 −0.86 ± 0.03 6 ± 3 0.79 ± 0.06 
npq4 −2.42 ± 1.30 57 ± 36 2.38 ± 1.32 
Table 1.  Fit values reported for exponential fits of the moderate-to-long timescale envelope 
dynamics for A) maximum quenching (upper) envelope fit obtained from selection of trace values 
at the light to dark transition and B) the maximum recovery (lower) envelope fit obtained from 
selection of trace values at the dark to light transition.  Fit values reported are the fit parameters 
obtained from the curves corresponding to the median values of the time constant, b, from fitting 
Monte Carlo bootstrap samples of 𝑁𝑃𝑄𝜏  values.  Errors reported are half the difference between 
parameters of curves corresponding to +𝜎 and -𝜎 percentile values of the time constant, b.  
Parameters a and c are unitless values of 𝑁𝑃𝑄𝜏 ,  1/b is reported in minutes. 
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In comparison, szl1, which does not detectibly accumulate zeaxanthin, shows both rapidly 
reversible quenching within individual periods and some combination of the moderate-to-long 
timescale reductions in fluorescence recovery.  Focusing, momentarily, on the rapidly reversible 
dynamics not present in npq4, the lines that contain PsbS (szl1, wt and L17) all show the presence 
of significant intra-period responses, in agreement with previous conclusions about the role of 
PsbS in rapidly reversible quenching [12-14, 31-33, 35, 39, 55].  In the case of the moderate-to-
long timescale dynamics, the envelopes of the maximum quenching and recovery of szl1 show 
differing timescales outside of the uncertainty, suggesting the two envelopes are governed by 
different underlying regulatory dynamics.  The difference between the maximum quenching and 
recovery envelopes is also resolvable in wt.  
Turning to the fits in Figure 3A, the maximum induction timescale fit of zero for szl1 
suggests there are no maximum quenching dynamics present at this temporal resolution: the level 
is constant. In comparison, wt shows a timescale to achieve maximum quenching of 3 min.  The 
difference between the szl1 mutant and wt suggests that the maximum quenching envelope 
depends, in part, on zeaxanthin accumulation. This timescale is similar to the accumulation of 
zeaxanthin measured using high-performance liquid chromatography in various plant systems [40, 
46]. There is no zeaxanthin accumulation in szl1, but wt accumulates zeaxanthin until steady state 
is reached within a few periods.  This results in the appearance of a slower initial induction of the 
rapidly reversible component in wt compared to szl1, as is observed in single or few exposure 
measurements [40, 54].  Despite the conclusions of single period measurements, the difference is 
likely due to the accumulation of zeaxanthin and not a difference in the nature of the rapidly 
reversible quenching, as suggested by previous two-period measurements [40].   
The recovery envelopes for szl1 and wt (Figure 3B) are similar: differences are within the 
experimental uncertainty. Therefore, the recovery envelope does not appear to depend strongly on 
the accumulation of zeaxanthin.  However, the similarities in the timescales between szl1 and wt, 
that both contain PsbS, suggest a dependence on PsbS when the pair is compared to the much 
longer timescale of the recovery enevelope of npq4 that lacks PsbS.  This long timescale 
dependence on PsbS is not commonly identified in the literature, despite previous evidence of a 
role it may play in the magnitude of photo-inhibitory quenching [21, 55].  
Both szl1 and wt have a difference in the timescales their own maximum quenching and 
recovery envelopes.  In order to achieve this result, the rapidly reversible quenching must change 
in magnitude over successive periods.  Since szl1 lacks zeaxanthin, the differences between the 
maximum quenching and maximum recovery within a single line cannot be attributed solely to a 
change in the chemical composition to regulate the rapidly reversible quenching magnitude.  
Therefore, the changes in magnitude over successive periods demonstrate that the rapidly 
reversible quenching is coupled to the slower regulatory processes.  If rapidly reversible quenching 
utilized a distinct mechanism independent of the slower timescale processes, a constant magnitude 
of quenching between successive periods would be expected and result in common timescales and 
magnitudes of the maximum quenching and maximum recovery. 
Finally, L17, which contains excess PsbS, displays higher values of maximum quenching.  
In addition, the recovery envelope displays higher values of quenching relative to other mutants.  
Although the dark recovery time period may not be long enough to completely relax the rapidly 
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reversible component, at least a portion of the excess quenching is likely due to excess long-
timescale quenching as suggested by previous observations [21].  Finally, the net difference 
between the maximum quenching and the recovery is also larger than other mutants.  This results 
in larger magnitudes of the rapidly reversible quenching, in agreement with single period 
measurements [55], field-scale experiments [3], and supports the view that the role of PsbS is to 
regulate rapidly reversible quenching.   
However, unlike szl1 and wt, the timescales of the maximum quenching and maximum 
recovery envelopes are similar for L17 (Table 1). Within the uncertainty, both sets of timescales 
are longer than the corresponding sets of timescales in szl1 and wt.  In this case, the difference in 
magnitude alone indicates differences in the rapidly reversible quenching between successive 
periods. The differences again demonstrate coupling between the rapidly reversible quenching and 
the slower timescale components. 
Although not as long as the timescale observed in npq4, the timescales of the envelope 
dynamics of L17 appear to more closely match those of npq4, despite L17 having excess PsbS and 
npq4 lacking PsbS.  The differences in 𝑁𝑃𝑄𝜏  values between the PsbS-containing mutants and the 
npq4 mutant deficient in PsbS highlight this behavior.  Although the observed lifetime values 
cannot be directly subtracted, the unitless NPQ parameter, calculated traditionally by (Fm-
Fm’)/Fm’ [1] under a Stern-Vollmer assumption, allows for a linear subtraction to investigate the 
differences between mutant traces.  The analogous 𝑁𝑃𝑄𝜏  values allow the same manipulation.  
Figure 4 shows the results of subtracting the npq4 𝑁𝑃𝑄𝜏  values from the 𝑁𝑃𝑄𝜏  values of the three 
PsbS-containing mutants for the recovery envelope. 
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Figure 4. Results of performing subtraction of npq4 𝑁𝑃𝑄𝜏 recovery values from the 𝑁𝑃𝑄𝜏  values 
of the three PsbS containing mutants, wt (blue), szl1 (green), and L17 (orange), to obtain Δ𝑁𝑃𝑄𝜏  
for the recovery envelopes.  Fits to decays are overlaid (median, solid line; 1 𝜎 confidence 
intervals, dashed line).  wt and szl1 are fit to biexponential decay with two time components, but 
L17 fits to a single exponential decay with one timescale component.  Fit values are provided in 
Table 2. 
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Table 2.  Δ𝑁𝑃𝑄𝜏  Fit Values:  Δ𝑁𝑃𝑄𝜏(𝑡) = 𝑎1 𝑒
−𝑏1𝑡 + 𝑎2𝑒
−𝑏2𝑡 + 𝑐 
 𝑎1 1/𝑏1 
(minutes) 
𝑎2 1/𝑏2 (minutes) 𝑐 
wt −0.9 4.4 ± 0.4 1.5 32 ± 3 −0.91 
Ll17 −0.7 4.9 ± 0.2 N/A N/A −0.01 ± 0.04 
szl1 −1 7.2 ± 2 1.78 29 ± 3 −0.71 
Table 2. Fit values for Δ𝑁𝑃𝑄𝜏  traces obtained by subtracting the 𝑁𝑃𝑄𝜏   values from npq4 from 
the 𝑁𝑃𝑄𝜏  values of the PsbS containing mutants.  wt and szl1 are fit to biexponentials with two 
time components.  L17 is fit to a single exponential. Fit values reported are the fit parameters 
obtained from the curves corresponding to the median values of the long time constant (𝑏2 for wt 
and szl1, 𝑏1 for L17) from fitting Monte Carlo bootstrap samples of Δ𝑁𝑃𝑄𝜏  values.  Initial 
parameters for the bi-exponential nonlinear fits were obtained by fitting a single exponential to 
later time points and subtracting the long component to fit a single exponential short time 
component. Errors reported are half the difference between parameters of curves corresponding to 
+𝜎 and -𝜎 percentile values of parameters.  Errors for other parameters were at least an of 
magnitude smaller than the reported value. Parameters 𝑎1, 𝑎2, and 𝑐 are unitless values of 𝑁𝑃𝑄𝜏; 
1/𝑏1 and 1/𝑏2 are reported in minutes. 
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Upon performing the background subtraction of the npq4 𝑁𝑃𝑄𝜏  values, each of the 
resulting Δ𝑁𝑃𝑄𝜏  traces were fit to decays with additional time components that were not reliably 
resolvable when comparing the overall envelopes.  The wt and szl1 traces were able to be fit to 
biexponential decays that show moderate timescale rises of about 4 and 7 min, followed by a long 
timescale decay of about half an hour.  For the L17 mutant that overexpresses PsbS, the trace was 
able to be fit only to a single exponential decay with a moderate timescale rise of 5 min. Attempts 
to resolve a long timescale component resulted in a value on the order of days, well beyond the 
timescale of the experiment.  The moderate timescales are of similar timescales to the original 
envelopes, and difficult to draw conclusions from.  Apart from the initial moderate timescale 
difference common to the three mutant lines, the lack of a long timescale component in L17 relative 
to npq4, suggests the recovery envelope of L17 decays at the same timescale as the npq4 mutant, 
despite their totally different PsbS content.  It is unlikely that this is attributable to a buildup of 
incomplete relaxation of a more rapidly reversible component, as upon induction, a quasi-
equilibrium is reached within each period, indicating that decay occurs from similar maximum 
levels of the rapid quenching in spite of any incomplete relaxation in a previous period.  In 
comparison, both wt and szl1, containing normal concentrations of PsbS, show an additional long 
timescale relative to npq4. 
This suggests that the moderate-to-long timescale dynamics depend not just on the 
presence or absence of PsbS or a simple linear relationship to concentration, but rather a nonlinear 
dependence on PsbS concentration that initially rises to wt levels and then decreases at increased 
concentrations.  PsbS concentration influences protein mobility and the ability of the thylakoid 
membrane to reorganize [18, 19, 20, 21], a mechanism suggested for multiple timescales of 
changes in quenching [18, 54, 55].  As PsbS does not bind pigments, it is thought that the role it 
plays as a sensor of ΔpH and actuator of quenching occurs through a conformation change of PsbS 
that results in interactions with pigment containing proteins that trigger associated conformational 
changes in the pigment protein complexes to induce quenching [33, 35].   
These two processes likely operate on different timescales: conformational changes within 
individual pigment protein complexes can occur rapidly compared to reorganization of the protein 
itself within the membrane.  As the most rapid influence of PsbS occurs within a period, the inter-
period dynamics are likely associated with the longer timescale processes of membrane 
reorganization.  A possible explanation for the nonlinear dependence of the 20-30 min timescale 
is that it is the result of interactions between two competing processes influencing the membrane 
organization that both influence the common quenching observable.  Although chlorophyll-
containing protein mobility is linearly associated with PsbS concentration between npq4, wt, and 
L17 in confocal FRAP measurements, the sign of the linear trend changes from positive to negative 
after exposure to high light [21], suggesting competition between two processes influencing 
protein mobility.  At the wt concentrations of PsbS, a competitive interaction between the light-
dependent and the PsbS processes could result in the second timescale observed in wt and szl1 
relative to npq4.  At excess concentrations of PsbS in L17, the interaction between the light-
dependent and PsbS-dependent process could be overpowered, resulting in the loss of the second 
timescale relative to npq4.  
 
 80 
Intra-period Dynamics 
Figure 5 shows the typical dynamics of 𝑁𝑃𝑄𝜏  within the periods for the PsbS-containing 
mutants, upon reaching a quasi-periodic steady state.  The dynamics are referred to as quasi-
periodic steady state because they are very nearly periodic: the same between successive periods 
of light and dark, due to the decay timescales of slower timescale dynamics.  Within period traces 
were obtained by selecting the penultimate period and were verified against the proceeding periods 
to validate that periodic steady state had been reached.  Although more complicated dynamics 
likely come into play when considering the mechanism of the rapidly reversible quenching, 
involving response to ΔpH [40, 59], induction and relaxation timescales were fit to simple 
exponential decays in order to describe characteristic timescales.   
The intra-period traces allow for a comparison of the relative effects of the high light 
induced steady state concentration of zeaxanthin and PsbS on the rapidly reversible dynamics 
while the effects of the longer period dynamics that co-occur in initial periods are minimized.  
Within the physical picture described above, these dynamics reflect the influence of only the fastest 
regulatory components on the conformational preferences of individual pigment protein 
complexes – slower processes, such as the changes in the chemical composition via the VAZ cycle 
and membrane organization, have come to a quasi-periodic steady state near their equilibria that 
have much less impact on the dynamics than during initial periods.  Traces of the npq4 mutant are 
omitted, as PsbS is required for the presence of the rapidly reversible quenching observed within 
a single period.   
After reaching quasi-steady state, the induction timescale for the wt and szl1 mutants are 
the same, despite the presence or absence of zeaxanthin.  This indicates that observations of 
induction timescales based solely on single period measurements are complicated by the 
simultaneous observation of a common rapidly reversible quenching process and slower regulatory 
control factors like the accumulation of zeaxanthin [54].  For the induction, the L17 timescale is 
longer than wt, despite greater overall quenching.  This indicates that the ability of PsbS to rapidly 
induce quenching and recovery begins to saturate at high concentrations, despite increased overall 
quenching.  This could be a result of a saturation of the protein-protein interactions thought to be 
required for PsbS to actuate rapidly reversible quenching, or that the excess PsbS sufficiently 
influences membrane organization [18-20] to inhibit the rapidly reversible regulation (qE). 
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Figure 5. Quasi- periodic steady state dynamics of 𝑁𝑃𝑄𝜏  within a single period for the PsbS 
containing mutants, wt (blue), L17 (orange), and szl1 (green). 𝑁𝑃𝑄𝜏  values (points) with error bars 
derived from bootstrap sampling overlaid an exponential fit curve (solid line) and 1 𝜎 confidence 
intervals (dashed line) selected from fit curves corresponding to the median and 1 𝜎 confidence 
intervals for values of the decay constant.  Inverse time constants in seconds, along with error 
estimates, are reported in the legend for convenience.  Errors in the legend are estimated as average 
difference between the median and 1 𝜎 values of the time constant; error on szl1 is asymmetric 
resulting in reported error value larger than median value.  Full fit values and confidence intervals 
are provided in Table 3.  A) High light quenching induction dynamics.  B) Dark recovery 
dynamics.    
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Table 3.  Rapidly Reversible Quenching Fit Values 
Induction Fit Values:   𝑁𝑃𝑄𝜏(𝑡) = 𝑎 𝑒
−𝑏𝑡 + 𝑐 
 a 1/b (s) c 
wt −1.24 ± 0.13 17 ± 3 1.87 ± 0.11 
L17 −2.87 ± 0.03 24 ± 2 4.39 ± 0.06 
szl1 −0.82 ± 0.12 16 ± 6 1.49 ± 0.01 
    
Relaxation Fit Values:  𝑁𝑃𝑄𝜏(𝑡) = 𝑎 𝑒
−𝑏𝑡 + 𝑐 
 a 1/b (s) c 
wt 1.30 ± 0.02 54 ± 24 0.64 ± 0.13 
L17 2.69 ± 0.08 50 ± 9 1.48 ± 0.12 
szl1 0.87 ± 0.02 38 ± 53 0.62 ± 0.13 
 
Table 3. Fit values for quasi- periodic steady state rapidly reversible 𝑁𝑃𝑄𝜏 .  Fit values reported 
are the fit parameters obtained from the curves corresponding to the median values of the time 
constant, b, from fitting Monte Carlo bootstrap samples of 𝑁𝑃𝑄𝜏  values.  Errors reported are half 
the difference between parameters of curves corresponding to +1 𝜎 and -1 𝜎 percentile values of 
the time constant, b.  Error is asymmetric, resulting in large reported uncertainty on the time 
constant for szl1  Parameters a and c are unitless values of 𝑁𝑃𝑄𝜏 , 1/b is reported in seconds.  A) 
High light induction decay fit values; B) dark recovery decay fit values. 
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Mathematical Model of Coupled Regulatory Processes 
It is difficult to make conclusions about underlying photochemical mechanisms resulting in 
quenching based solely on macroscopic fluorescence lifetime measurements. However, kinetic 
regulatory models of quenching [40, 59], when combined with estimates of fluorescence lifetimes 
generated by various dissipation mechanisms [37], knowledge of the chemical composition of the 
biochemical regulatory state (e.g. the VAZ cycle [34, 40, 58, 59]), and the organization of the 
membrane [18-21], allow for important conclusions to be drawn about the nature of how any 
underlying mechanism must be regulated.  Using an underlying physical picture such as the 
scheme shown in Figure 1, a model was constructed to demonstrate how rapidly reversible 
regulation of quenching occurs simultaneously to and alongside slower timescale regulatory 
processes.   
This model treats slower regulatory processes (such as the accumulation of zeaxanthin or 
membrane reorganization) as constraints on the result of the rapidly reversible regulation of 
quenching (via e.g. conformational changes within individual pigment protein complexes) to 
achieve coupling between multiple timescales.  Allowing coupling between the regulatory 
components is a key difference from a model where components (e.g. qE, qZ, and qI) arise from 
separate photochemical mechanisms and independent regulatory schemes.  The regulatory model 
is agnostic of the underlying photochemical mechanisms of quenching due to the unsettled 
evidence regarding specific dissipative mechanisms associated with each regulatory component, 
and instead models an overall homogeneous value of quenching, similar to previous models [40, 
59, 60] that combine overall quenching into a single modeled state. 
A diagram of the regulatory model is shown in Figure 6.  The observed quenching is 
modeled as a conservative two-state system representing the homogeneous quenching of the 
system using “quenching on” and “quenching off” states.  Time-dependent rate values describe 
the rate of transitions from one state to the other (Figure 6A).  The regulatory behavior at multiple 
timescales via physical processes (and, depending on particular choices of definitions, analogous 
to components of quenching e.g. qE, qZ, and qI) is contained within these time-dependent rate 
values.  The time-dependent rate values, 𝑘1(𝑡) and 𝑘2(𝑡), are determined using (unitless) values 
of the maximum quenching and maximum recovery 𝑞max(𝑡) and 𝑞recovery(𝑡) and intrinsic, 
constant, rates of rapid response occurring in the light, 𝑘𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛, and the dark, 𝑘𝑟𝑒𝑙𝑎𝑥  (Figure 6B).  
𝑞max(𝑡) and 𝑞recovery(𝑡) are modeled using a set of auxiliary differential equations.  In the light, 
the rate values of the rapidly reversible quenching must be proportional to the time-dependent 
value of the maximum quenching, 𝑞max(𝑡), capturing the behavior that quenching is driven to a 
steady state within each repeated light period.  Upon a transition to dark, the rate values of the 
rapidly reversible quenching then switch to be proportional to the time-dependent maximum 
recovery values, 𝑞recovery(𝑡), and recovery is driven to a separate steady state within each repeated 
dark period. 
Despite the similarity in modeling a single quenching variable, the chosen model of the 
rapidly reversible regulation of quenching differs from previous models [40, 59, 60] that relate 
predicted states of biochemical regulatory cycles (e.g. the state of the VAZ cycle) and proteins (like 
PsbS activation) to the quenching.  This model relates the multiple directly observed timescale 
components to the overall extent of quenching (as opposed to the biochemical state), in order to 
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draw conclusions about how multiple regulatory mechanisms combine to result in the overall 
quenching regulation on the seconds to minutes timescales.  Due to this focus, the observed 
quenching parameter is modeled explicitly, instead of relying on assumptions of an intrinsic rate 
of quenching or density of quenchers to predict the observable fluorescence yield or fit parameters 
relating biochemical concentrations to the quenching effect. 
The advantage to this framework is that the overall ability of the model to reproduce the 
observed quenching relies on the ability to experimentally resolve the various time components, 
instead of predicting the biochemical state.  Memory is maintained between periods without 
explicitly modeling the biochemical state due to the inability of slower components of quenching 
regulation to relax during the short dark exposure.  However, one current limitation of this 
framework is the inability to account for the effects of transient spikes in ΔpH that occur in the 
first few seconds after a transition between dark and light, before settling to a light-dependent 
equilibrium [40, 59]. Although possible to include, incorporating the transient spikes would rely 
on incorporating extra fit parameters in the model. All the existing parameters are entirely 
determined from the experimental observations.  Therefore, a choice is made to neglect the 
transient spikes in ΔpH in order to allow the model to highlight coupling of the rapidly reversible 
regulation to slower timescale regulation via the maximum quenching and maximum recovery 
envelopes over successive periods, while maintaining minimal complexity. 
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Figure 6.  Schematic and diagrammatic representation of the mathematical model of the regulation 
of quenching.  (A) The observed macroscopic quenching is represented as a two-state system that 
can transition between on and off states, controlled by a pair of time-dependent rate constants. (B) 
The quenching can move within an envelope created between the time dependent states of 
maximum quenching, 𝑞max(𝑡), and maximum recovery, 𝑞recovery(𝑡) (Upper and lower solid lines, 
unitless). Time dependences of 𝑞max(𝑡)and 𝑞recovery(𝑡) are determined by separate decay 
timescales of 𝑘𝑒𝑛𝑣𝑒𝑙𝑜𝑝𝑒  corresponding to each decay.  The time-dependent rate constants 𝑘1(𝑡) and 
𝑘2(𝑡) are piecewise functions of intrinsic, constant rates of rapid response occurring in the light, 
𝑘𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛, and the dark, 𝑘𝑟𝑒𝑙𝑎𝑥 , modified by the time-dependent maximum quenching, 𝑞max(𝑡), 
in the light, or maximum recovery, 𝑞recovery(𝑡), in the dark.  The ratio of the time constants is 
proportional to 𝑞max(𝑡) in the light and 𝑞recovery(𝑡) in the dark.  𝑘𝑖𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛 and 𝑘𝑟𝑒𝑙𝑎𝑥  are intrinsic 
rates of rapidly reversible regulation (dashed lines).  In this formulation, the observed quenching, 
𝑞on(𝑡) (solid line, between envelopes), is contained in a single variable subject to multiple 
elements of regulatory control, instead of the sum of separate elements of quenching such as qE, 
qZ, and qI.  
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Mathematically, the model is constructed using an adiabatic, or slowly varying 
coefficients, approximation.  The piecewise portion tracks whether the light is on or off, and within 
each portion of the piecewise differential equation, the rate constants are determined by the 
intrinsic, constant, rate of induction or relaxation of the rapidly reversible quenching and the state 
of the maximum quenching and maximum recovery envelopes.  The state of the maximum 
quenching and maximum recovery envelopes vary slowly relative to the induction or relaxation of 
the quenching within periods.  Each of the maximum quenching and recovery envelopes are 
modeled as additional two-state differential equation systems, with constant coefficients.  The 
approximation allows for solutions to the three two-state differential equation systems to be 
obtained analytically by treating the slowly varying coefficients as constants.  The analytical 
solutions can then be equated to the fit values of the envelope and rapidly reversible induction and 
decays to relate all the model parameters to previously obtained fit parameters without relying on 
any additional fitting or free parameters.   
The general equation for the conservative two-state differential equation systems is shown 
in Eqn. 1.  Each of the three systems – the rapidly reversible system, the recovery envelope, and 
the maximum quenching envelope – are represented by a 𝑞activedescribing the active value of 
quenching and 𝑞inactivedescribing an inactive value of quenching.  However, the output – observed 
quenching, 𝑁𝑃𝑄𝜏  – is only associated with the value of 𝑞
active for the rapidly reversible 
differential equation system.  The values of 𝑞active for the two auxiliary differential equation 
systems describing the envelopes describe the bounds within which the rapidly reversible 
regulation can cause quenching to vary.  Values of 𝑘1(𝑡) and 𝑘2(𝑡) are defined for the three 
systems, in terms of fit values, under the slowly varying coefficients approximation, in Eqns. 2-5.  
The rate values 𝑘1(𝑡) and 𝑘2(𝑡) for the rapidly reversible system, 𝑘1
rapid(𝑡)and 𝑘2
rapid(𝑡) defined 
in Eqns. 2 and 3 are piecewise defined as functions of time depending on whether the system is in 
the light or dark.    
All of the model parameters are analytically determined from direct fits of experimental 
data. There are no free parameters used to fit the model result to the data.  𝑘fit
induction  and 𝑘fit
relaxation 
are the constant best fit values of the time constants of the induction and relaxation of the rapidly 
reversible regulation of quenching upon the envelopes reaching steady state in the final periods of 
the experimental data, as shown in Figure 5A and 5B and Table 3.  𝑞max(𝑡) and 𝑞recovery(𝑡) are 
the time-dependent values of 𝑞on(𝑡) associated with the auxiliary differential equation systems for 
the maximum quenching and recovery envelope systems, respectively.  The 𝑞max(𝑡) and 
𝑞recovery(𝑡) values contain the slowly varying time dependence of the coefficients.  
For the two auxiliary differential equation systems, 𝑘1
env and 𝑘2
env, defined in Eqns. 4 and 
5, relate the values of 𝑘1(𝑡) and 𝑘2(𝑡) for the maximum quenching and recovery envelope systems 
and are constant for each envelope.  In each case, 𝑘fit is defined as the best fit time constant for 
the exponential decay fit for the envelopes, obtained as previously described and shown in Figures 
3A and 3B and Table 1.  Similarly, 𝑞ss is the best fit additive constant, representing the steady 
state value, obtained from the corresponding exponential fit.   
Initial conditions are determined algebraically from the approximate analytical solutions 
for the conservative systems and the initial quenching values.  With all the model parameters 
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predetermined from the direct fits of data, the system of differential equations is then solved 
numerically without subsequent fitting via iterative solutions to obtain the model traces presented 
in Figure 7. 
 
𝑑
𝑑𝑡
[
𝑞active
𝑞inactive
] = [
−𝑘1(𝑡) 𝑘2(𝑡)
𝑘1(𝑡) −𝑘2(𝑡)
] [
𝑞active
𝑞inactive
] (11) 
𝑘1
rapid
(𝑡) = {
𝑘fit
induction(1 − 𝑞max (𝑡)), light
𝑘fit
relaxation(1 − 𝑞recovery(𝑡)), dark
 (12) 
𝑘2
rapid
= {
𝑘fit
induction𝑞max(𝑡), light
𝑘fit
relaxation𝑞recovery(𝑡), dark
  (13) 
𝑘1
env = 𝑘fit(1 − 𝑞ss)  (14) 
𝑘2
env = 𝑘fit𝑞ss   (15) 
 
Calculations based on the model demonstrating the roles of the contributions of both 
rapidly reversible dynamics and the moderate and long timescale dynamics (including both the 
maximum quenching and the maximum recovery dynamics) are shown in Figure 7.  The model 
accurately describes the observed behavior of oscillatory quenching and recovery during light and 
dark periods constrained by multiperiod envelopes.  There are discrepancies, especially for the szl1 
mutant, during the beginning of the high light portions of each period, due to the choice to neglect 
the very-short timescale regulatory response associated with the spike in ΔpH, described 
previously.  However, despite the discrepancies, the simplified mathematical description allows 
the connection between the rapidly reversible timescale regulation and the slower regulation to be 
highlighted: the model demonstrates how the initial induction of NPQ depends on both the 
induction timescale of the rapidly reversible quenching and the dynamics of the slower timescale 
of the maximum quenching envelope.  When comparing the model results for wt and L17, despite 
the intra-period dynamics of L17 displaying a slower timescale of rapidly reversible regulation 
upon the envelopes reaching steady state than wt (cf. Fig. 5), the initial rapid induction of 
quenching is faster in initial periods for L17 than wt due to the influence of the larger magnitude, 
and resulting rise, of the maximum quenching envelope.  While the magnitude of the rapidly 
reversible quenching remains larger for L17 throughout the experiment, it operates on a slower 
timescale throughout much of the experiment once the initial changes in the maximum quenching 
envelope decay. 
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Figure 7. Comparison of modeled 𝑁𝑃𝑄𝜏  (solid lines) with 𝑁𝑃𝑄𝜏  values calculated from observed 
lifetime snapshots (circles with error bars, SD via bootstrap resampling) for the PsbS containing 
lines: wt (blue), L17 (orange), and szl1 (green).  Model parameters are determined from best fit 
values of exponential decay fits of the maximum quenching and maximum recovery envelopes 
and the induction and relaxation of rapidly reversible quenching within a period upon reaching 
quasi-periodic steady state.  The simple model accurately depicts the nature of rapidly reversible 
quenching induction and relaxation occurring simultaneously with, and coupled to, slower 
timescale quenching processes. 
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In addition, the model accurately reproduces the changing magnitude of the rapidly 
reversible quenching between the maximum quenching and maximum recovery envelopes over 
successive periods.  This would not be the case for a model of rapidly reversible regulation of 
quenching qE that is not also coupled to slower regulation of quenching such as qZ and qI, such as 
a formulation inferred from single light exposure period measurements where each component 
operated independently on either unique or shared photochemical mechanisms.  This suggests that 
the components of quenching likely operate to regulate one or more common photochemical 
mechanisms in different ways, either through modification of the intrinsic quenching rate via 
rapidly inducible conformational changes within pigment protein complexes, or more slowly 
modulating the effective density of quenchers via chemical substitutions, with membrane 
organization changes impacting the connectivity of quenching sites to other areas of the 
photosynthetic antenna.  This formulation could explain how zeaxanthin impacts both multiple 
quenching components: the substitution of zeaxanthin may influence an intrinsic rate of quenching 
or density of quenching sites for which zeaxanthin plays a direct role, as well as influence structural 
properties of pigment-protein complexes that regulate conformational fluctuations and membrane 
organization that activate additional or alternate quenching mechanisms.  
A final conclusion can be drawn from the nature of the mathematical model required to 
reproduce the observed quenching.  Both of the rate values 𝑘1(𝑡) and 𝑘2(𝑡) must be modulated by 
the light and the dark cycle, instead of a simpler formulation where only a single rate value is 
modulated by the light or dark, in order to achieve the simultaneous agreement between the 
observation and the model for the magnitude of the rapidly reversible quenching, and the two 
observed timescales of induction and relaxation.  This is because the ratio of the rate constants in 
a two-state differential equation system determines the steady-state value (in the case e.g. the 
maximum quenching or maximum recovery within a period.) For a fixed recovery rate constant, 
either the induction rate constant or the resulting steady-state value can be accurately reproduced, 
but not both simultaneously.  When considering how PsbS interactions with LHCII might induce 
quenching, the simplest conceivable mechanism assumes LHCII naturally favors an unquenched 
state, and when an interaction with protonated PsbS activated by ΔpH occurs, LHCII is forced into 
a quenched state [34, 35].  When ΔpH relaxes, the simplest assumption is then that the interaction 
between PsbS and LHCII ceases, the LHCII can relax back to an unquenched state.  This would 
correspond to the description in the model where only a single rate value was modulated by the 
light and dark, which is unable to reproduce the observed result.  Therefore, it suggests that not 
only do interactions between protonated PsbS and LHCII induce quenching, but also that the 
interactions between deprotonated PsbS and LHCII must also actively induce the recovery of 
LHCII from quenching, or at the very least that the protein interactions involved are not well 
described by such a simple kinetic scheme. 
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Conclusion 
Isolating quenching components using periodic actinic light exposure reveals the complex, 
overlapping, and coupled nature of the various regulatory processes contributing to observed 
quenching in A. thaliana.  Our observations of the fluorescence lifetime response to periodic light 
exposure suggest that not only is PsbS required for the rapidly reversible quenching, but also longer 
timescale components likely involving membrane organization or morphology.  Dual roles of 
zeaxanthin are also apparent, distinct from roles observed in single light exposure period 
experiments.  Finally, the multiple regulatory elements appear to be coupled: the magnitude of the 
rapidly reversible element of quenching depends on the state of slower timescale regulatory 
elements, but is still well described by a single intrinsic timescale of rapidly reversible quenching.  
We conclude by briefly summarizing major features of the data and the conclusions we draw based 
on our understanding of the physical picture of the processes involved. 
First, focusing on the wild type, the analysis of our data reveals two clearly distinct pairs 
of timescales associated with the turning on and off of quenching.  When the slower processes 
have reached steady state, there remains a rapidly reversible component that turns on in 18 s and 
turns on off in about one minute.  We expect the chemical composition (e.g. zeaxanthin 
concentration) to be constant on this timescale, which also seems too short for significant 
membrane organization, leading us to suggest that this component arises from local protein 
interactions and conformational changes due to the formation and relaxation of transmembrane 
potential gradients.  Turning to the slower components for wt, maximum quenching is reached in 
about three minutes, similar to the timescale of zeaxanthin formation by VDE [40, 46].  This is 
consistent with the result from the szl1 mutant which lacks zeaxanthin and appears to use lutein 
instead: no detectable rise of the maximum quenching value is resolved, consistent with the 
putative lack of the need to replace violaxanthin for zeaxanthin in this mutant for quenching to be 
initiated.  A slower timescale is also evident in the maximum recovery from quenching, which for 
wt is about 8 minutes.  It seems likely that these slower timescales also involve changes to the 
membrane organization or morphology as suggested by biochemical assay and imaging 
experiments [18, 19].   
In order to isolate the roles of the PsbS protein, we subtracted quenching recovery data of 
the PsbS-lacking mutant npq4 from the data for the three PsbS-containing plants.  For wt and sz11, 
this procedure resolves an additional timescale not discernable in the fits of the raw recovery data.  
npq4 shows less recovery (e.g. more quenching) relative to wt and szl1.  The discrepancy occurs 
with a time constant of about 30 min, but only after a transient increase of quenching during 
recovery in wt and szl1 with about a 5 min risetime.  This result is consistent with the idea that 
PsbS plays a significant role in the ability to recover from quenching due to changes in membrane 
organization or morphology, as well as in the rapid turning on or off of quenching.  
At first glance, the results from the L17 mutant with excess PsbS do not seem to fit with 
the picture sketched above.  The rapidly reversible component isolated after steady state is reached 
more slowly than in wt or szl1, although the magnitude of quenching is larger; the rapid turn off is 
the same in all three strains.  Similar trends are seen in the time required to reach maximum 
quenching (about four times longer for L17 than wt) and the time to reach steady-state recovery 
(about twice that of wt).  When the npq4 data are subtracted, no additional timescale of recovery 
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levels relative to npq4 is detected for L17.  Instead, L17 only shows a long-timescale fixed 
difference with excess quenching during recovery.  One possibility is that the excess PsbS leads 
to some form of regulation of the membrane morphology slowing those processes that depend on 
changes in, for example, the connectivity of the bulk LHCII antenna.  These are especially 
complicated to interpret given the light-dependent change in the trend of protein mobility relative 
to PsbS concentration [21]. In addition, PsbS’s role in generating quenching sites clearly leads to 
greater overall maximum NPQ values and smaller recovery values, perhaps overpowering a more 
subtle effect of changes in membrane morphology or organization brought about by PsbS. 
Our lab has recently presented spectroscopic evidence for the involvement of both 
excitation energy transfer and charge transfer involving chlorophyll-zeaxanthin interactions in the 
quenching process in Nannochloropsis and spinach thylakoids [45, 46, 47]. In the case of 
Nannochloropsis, both the enzyme VDE and the pH sensing protein LHCX1 (which takes the 
place of the plant protein PsbS) are necessary for the observation of these two pathways.  However, 
neither process is present in the first 10-20 s of light exposure of dark-acclimated thylakoids or 
algae, and it seems that the rapidly reversible process must not require the conversion of 
violaxanthin to zeaxanthin.  Although only suggestive, the similar observations between 
Nannochloropsis and spinach are consistent with results presented here for szl1.  On the other 
hand, in wt, zeaxanthin is clearly involved in the slower components of the quenching as suggested 
by the greater value of maximum quenching reached in wt compared to szl1 after initially being 
mediated by the rise of the 3 min timescale in wt. 
Finally, the observation of changes in the magnitude of the rapidly reversible quenching 
over successive periods strongly suggests that individual regulatory components of quenching do 
not operate on independent and decoupled mechanisms.  Instead, it is likely that the components 
of quenching – including a combination of intra-protein conformational, chemical composition, 
and  membrane organization changes – are coupled via their operation on shared quenching sites 
on similar timescales.  This formulation lends itself readily to developing extensible kinetic models 
of the regulation of quenching that can be parameterized based on the character of the fluctuations 
in light exposure and expression levels of proteins in the biochemical regulatory networks to 
enable systems models with predictive power for optimizing crop yields and design of biomimetic 
devices.   
However, despite the potential for predictive power, kinetic models derived from 
fluorescence measurements alone cannot directly connect understandings of dissipative 
mechanisms and structural processes from steady-state measurements to the observed regulation 
of fluorescence studies.  Snapshot transient absorption measurements have been developed that 
relate observables of quenching mechanisms to regulatory timescales, incorporating one aspect of 
quenching [46, 47].  Further development of similar “snapshot” versions of techniques that can 
relate changes in protein conformation dynamics or membrane organization to these regulatory 
timescales will be necessary to integrate understanding of physical phenomena with kinetic 
regulatory models.  Possible avenues include combining more rapid freeze-fracture preparation 
[21] with advances in single-particle analysis, that can already measure changes in protein 
conformation distributions during enzymatic reactions in solution [61], to measure changes in 
pigment-protein conformational distributions over regulatory timescales, or high-speed atomic 
force microscopy [62, 63].  Finally, connection between resulting kinetic or regulatory models to 
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physical models of the photochemical mechanisms of dissipation [38] will require resolving 
heterogeneity to address distributions of lifetimes associated with quenching sites in various 
conformations and protein organizations through techniques like single molecule fluorescence 
detection and microscopy [64, 65] or time-resolved ultrafast stimulated emission depletion [66]. 
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Chapter 4: Analysis Methods 
Introduction 
As discussed throughout, fluorescence measurements of photosynthetic systems are a powerful 
tool for observing the behavior of protective energy dissipative mechanisms, collectively known 
as non-photochemical quenching.  Upon “closing” reaction centers with saturating light, the 
productive path for utilizing energy from photons absorbed by chromophores via photochemistry 
is blocked, leaving a variety of other pathways for energy to dissipate (Brooks 2011). As one of 
these paths is fluorescence, changes in the fluorescence yield, or equivalently, lifetime, are able to 
indirectly monitor changes in the ability of excitonic energy to be dissipated through alternative 
pathways.  Because plants and other photosynthetic organisms face highly variable light conditions 
(Külheim et al. 2002), the ability to rapidly tune the amount of energy that is dissipated through 
non-photochemical quenching mechanisms to the light conditions is advantageous to both prevent 
photodamage due to the occurrence of unwanted photochemical reactions and avoid unnecessarily 
dissipating excess energy in order to ensure efficient conversion of solar energy to chemical energy 
(Demmig-Adams et al. 2014). 
Energy transfer, photochemistry, and dissipation are “ultrafast” processes, occurring on 
timescales between femtoseconds to picoseconds, long studied with spectroscopic techniques in 
chemical systems (Morris and Fleming 2018).  However, in order to tune the photosynthetic 
apparatus to changing light conditions, plants regulate these ultrafast processes on timescales as 
short as a few seconds.  In studying the relationship between the ultrafast processes and their 
regulation, experiments must be able to resolve the ultrafast processes in relatively short averaging 
times in order to observe changes in the ultrafast processes subject to dynamic regulation on the 
order of seconds.   
For example, as discussed extensively in previous chapters, important questions in the field 
surround the nature of the component of non-photochemical quenching characterized by rapidly 
reversible regulation, qE: are the photochemical mechanisms of dissipation that cause qE within a 
few seconds of a transition from dark to high light the same as mechanisms that would be observed 
after a long time exposure to high light?  Measurements that are able to resolve the ultrafast 
processes, but require long averaging time (to achieve adequate signal to noise) relative to the 
plants’ ability to regulate the underlying ultrafast processes cannot address such a question.  To 
address questions like those concerning qE, the acquisition of data capable of resolving the 
ultrafast processes must be faster than the timescales on which the ultrafast processes are regulated. 
A common measure of non-photochemical quenching is the NPQ parameter, traditionally 
defined as 
𝑁𝑃𝑄 =
(𝐹𝑚 − 𝐹𝑚
′ )
𝐹𝑚′
 
with 𝐹𝑚 defined as the maximum fluorescence (upon closing reaction centers) after dark 
acclimation and 𝐹𝑚
′  as the variable fluorescence (upon closing reaction centers) upon exposure to 
actinic light (Blankenship 2014).  The variability of 𝐹𝑚
′  can occur in timescales of as fast as a few 
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seconds – rapid, but still well separated from the timescales of the underlying ultrafast 
photochemical processes.  Traditionally these fluorescence values are measured as yield, e.g. the 
ratio of emitted fluorescence to absorbed light, via a ubiquitous technique called pulse-amplitude 
modulated (PAM) fluorometry (Brooks and Niyogi 2011).  However, because PAM measures 
fluorescence yield, it is subject to problems that make extended measurements of NPQ over longer 
exposure periods difficult.   
The experimental determination of yield is sensitive to the absorption cross section.  Plants 
have been documented to regulate their absorption cross section on timescales similar to that of 
NPQ using processes such as chloroplast avoidance (Sylak-Glassman et al. 2014a, Cazzaniga et 
al. 2013).  Therefore, in order to measure timescales of processes impacting fluorescence yields, 
that may be similar to timescales impacting the absorption cross section, either the changes in 
absorption cross section must be accounted for or a measurement insensitive to such changes 
devised. 
A measurement of fluorescence lifetime is one such method that is insensitive to changes 
in the absorption cross section, and obtains all the information obtained in a fluorescence yield 
measurement.  Following the notation in Lakowicz (Lakowicz 2006), the fluorescence yield can 
be defined as 
Φ𝑓 =
𝑘𝑓
𝑘𝑓 + ∑ 𝑘𝑜𝑡ℎ𝑒𝑟
 
where Φ𝑓 denotes the fluorescence yield, 𝑘𝑓 denotes the rate of fluorescence, and 𝑘𝑜𝑡ℎ𝑒𝑟  denotes 
the rates of other, non-fluorescence processes.  The fluorescence lifetime is similarly defined as 
𝜏𝑓 =
1
𝑘𝑓 + ∑ 𝑘𝑜𝑡ℎ𝑒𝑟
 
where 𝜏𝑓.  Thus,  
Φ𝑓 =  𝑘𝑓𝜏𝑓 
and therefore a measurement of the fluorescence lifetime is equivalent to a measure of the 
fluorescence yield, up to an (assumed) constant rate of fluorescence that cancels out in the 
definition of the measure NPQ. 
In addition to obtaining information equivalent to fluorescence yield, a measurement of 
fluorescence lifetime can, in principle, also observe simultaneous changes in separate lifetime 
components.  However, in complicated systems like the photosynthetic apparatus, the observed 
lifetimes are an average of the distribution of many lifetimes.  (In principle, each chromophore 
may have a unique and fluctuating lifetime.) 
One experimental technique to monitor changes in fluorescence is time correlated single 
photon counting (TCSPC).  TCSPC measures the arrival time of photons relative to a reference 
photon.  Over successive laser pulses, a histogram of the arrival times is created enabling the 
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measurement of fluorescence lifetimes upon fitting the characteristic decay timescale(s) of the 
histogram.  Removing the influence of chloroplast avoidance allows for longer measurements to 
be performed, in turn facilitating multiple actinic light exposure periods to be performed to 
measure repeated induction and relaxation of quenching.  Using periodic actinic light schemes 
allows for simultaneously observing fast and slow regulatory dynamics. 
Practical considerations for obtaining, processing, analyzing, and interpreting snapshot 
fluorescence measurements are numerous.  For discussion of practical considerations of obtaining 
and the initial processing of TCSPC data on whole leaves suitable for further analysis, the reader 
is referred to previous journal publications and dissertations (Sylak-Glassman 2014a, Sylak-
Glassmann 2014b, Sylak-Glassmann 2016, Leuenberger 2017a, Leuenberger 2017b).  These 
include the design and setup and configuration of the laser apparatus, fitting numerous 
fluorescence decays and determining that reaction centers are “closed” to obtain data analogous to 
PAM traces, and organizing data into forms suitable for further analysis and interpretation.  
Despite utilizing more complex actinic light exposure patterns, many of these practical 
considerations are largely the same as in TCSPC snapshot experiments with simpler actinic 
exposure patterns, apart from requiring updated processing scripting to organize raw data into 
convenient data structures for subsequent analyses.  This scripting depends heavily on the specifics 
of a particular experiment and the desired analyses. 
The remainder of this chapter focuses on aspects of analyzing and interpreting snapshot 
fluorescence lifetime data obtained using complex actinic exposure patterns to probe and quantify 
aspects of the regulatory response of quenching.  First, a technique involving interleaving data 
from measurements on separate leaves to achieve increased actinic timescale resolution is 
discussed, including the application of filters to remove artifacts of leaf-to-leave systematic 
variability that introduce high frequency oscillation in the data.  Second, the application of singular 
value decomposition on complex data sets for validation and filtering is discussed.  
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Filtering 
Measurement of NPQ using TCSPC snapshots has been validated at 30 s resolution against PAM 
traces without damage to the leaf sample ((Sylak-Glassman et al. 2014a, Sylak-Glassmann 2014b, 
Sylak-Glassmann et al. 2016, Leuenberger et al. 2017a, Leuenberger 2017b).  However, the 
induction of quenching occurs on similar timescales.  At 30 s resolution, much of the turn on has 
occurred within the first 30 s, making it difficult to resolve the actual induction timescale.  
Therefore, in order to achieve 15 s resolution, measurements can be performed on two leaves, each 
at 30 s resolution, but with a 15 s offset.  In the case of periodic measurement at constant time 
separation, this 15 s offset can be referred to as a phase offset.  Upon obtaining 30 s resolution 
measurements on two leaves, the two data series can be combined in order to achieve a 15 s 
resolution data series.  These data series are then averaged to obtain characteristic fluorescence 
traces that can be further analyzed to obtain measures of NPQ via the process outlined above. 
However, combining these measurements introduces the effects of leaf-to-leaf variability in 
fluorescence lifetime within a single data series that is not present in a data series obtained from a 
single leaf, as discussed in Chapter 3. In the case that the leaf-to-leaf variability is small relative 
to measurement-to-measurement variability within a leaf, this could be ignored.  However, this is 
not the case – the leaf-to-leaf variability is larger than measurement-to-measurement variability 
introducing a high frequency oscillation in the observed fluorescence lifetimes within a single two-
leaf sample trace.  Simply averaging over numerous samples would require large numbers of leaf 
samples – double that of a measurement using single-leaf samples to obtain similar resolutions.  
However, because the period of experimental artifacts is known (15 s, in this case), a filtering 
process can be applied to remove the oscillations arising due to the interleaving of data series 
collected from multiple leaf samples without requiring a large increase in the total number of leaf 
samples required to impractical levels. 
The process of filtering must be undertaken carefully, as filtering can introduce additional artifacts 
in the data that interfere with important properties of the data set.  Selection or design of a filter 
often requires balancing contradictory requirements (Antoniou 2018).  In the case of the periodic 
actinic light measurement, the fundamental oscillation frequency is determined by the driving 
frequency of the actinic light.  (In the case considered in the previous chapter, the actinic light had 
a 2 minute half-period, or a 240 s period.)  Therefore, a 15s period artifact is much shorter in period 
(equivalently, higher in frequency) than the data, suggesting a low-pass filter is appropriate.  In 
the case of a low pass filter, high frequencies are attenuated and lower frequencies are preserved.   
However, despite the low fundamental frequencies involved, the transitions from light-to-dark and 
dark-to-light are rapid, and thus the observed data set is essentially a repeated observation of the 
step response of the quenching system.  This results in rapid decay (or rise) to the resulting 
quenching levels.  When rapid decays (and rises) such as those observed are Fourier analyzed, the 
ability to rapidly tune the quenching levels in response to a step in the light are observed as 
relatively high frequencies.  Removing high frequency components of a step response can 
introducing “ringing” to a signal, where the filtered signal overshoots the actual response at first, 
then recovers excessively before settling to the actual response.  Care must be taken to ensure that 
further analysis of the signal is not impacted by ringing, or that uncertainty introduced by ringing 
is considered and accounted for. 
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Here, a low-pass Butterworth filter is chosen, due to the characteristics of a flat frequency response 
below the cutoff frequency, that therefore will minimally impact moderate timescale signals of 
interest for further analysis of the period-to-period changes in the data set (Butterworth 1930).  
However, the Butterworth filter is susceptible to ringing, that can impact further analysis of rapid 
step responses, but in this case, the measurement-to-measurement variability is still large enough 
that significant ringing is not readily apparent.  A Bode plot, displaying the complex transfer 
function (e.g. the effect of the filter on the amplitude and phase of an input signal at various 
frequencies) of a Butterworth filter is provided in Figure 1.  The cutoff frequency in the example 
Bode plot is 1 rad/s.  Frequencies below the cutoff frequency (in the passband) have a nearly flat 
amplitude gain of zero, indicating that they are well preserved.  Frequencies above the cutoff 
frequency (in the stopband) have amplitudes attenuated.  The phase response is also relatively flat 
in the passband, compared to many other filter choices. 
 
 
Figure 1.  Bode Plot of an example Butterworth Filter with cutoff frequency of 1, with annotations 
demonstrating the low frequency passband and high frequency stopband, the location of the cutoff 
frequency, and the attenuation at the cutoff frequency.  Original image generated by Alessio 
Damato for use on Wikipedia’s entry on the Butterworth Filter under a CC BY-SA 3.0 license. 
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In order to apply the first order Butterworth filter to the interleaved data, the cutoff frequency is 
selected as half the Nyquist frequency of the interleaved data.  The Nyquist frequency is the one 
half of the sampling rate; therefore, the highest frequency components the experiment can resolve 
without introducing aliasing are 30−1 s−1  For the interleaved data, the sampling rate is 15−1 s−1; 
therefore, the cutoff frequency is 60−1 s−1; so the 15−1 s−1 frequency oscillation is attenuated by 
12dB.  The filter is applied numerically using an infinite impulse response discretization of the 
analog Butterworth filter using second-order sections, implemented in SciPy signal processing 
package (Jones et al. 2001). 
Because each leaf sample is independent, any individual combination of 0 s and 15 s phase offset 
pairings is equally valid.  Therefore, in order to estimate the error in the filtered traces, a 
bootstrapping method is applied.  Each pairwise combination of interleaved 0 s and 15 s data series 
are treated independently, and the filter applied.  This method generates a set of filtered traces with 
a mean and standard deviation at each time index or time point, allowing an estimate of the 
uncertainty after filtering to be applied.   
Figures 2-4 visualize the process for an example data set of lifetimes.  In Figure 2, an example set 
of pairwise combinations are plotted, with each combination shown in a different color.  The high 
frequency oscillation is apparent in each trace.  Figure 3 shows the results of applying the filter to 
each pairwise combination.  Upon applying the filter, the high frequency oscillation in each pairing 
is removed.  There is still significant variance between individual combinations, resulting from 
leaf-to-leaf variation that is much larger than the variance between successive snapshots on an 
individual leaf sample.  Figure 4 shows the trace of the mean and standard deviation of the filtered 
combinations overlaid with a scatter plot of the original data points. 
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Figure 2. Example pairwise combinations of 0 s and 15 s phase offset TCPSC snapshot 
fluorescence lifetime traces at 30 s resolution.  Fluorescence lifetime values in ns (y-axis) from 
TCPSC snapshots are plotted by the index of the timepoint (x-axis), for convenience of the 
subsequent application of the Butterworth filter that is parameterized by a cutoff frequency that is 
normalized by the Nyquist frequency.  The resolution between each index unit is 15 s.  Each color 
represents a unique combination of an individual 0 s and 15 s phase offset trace.  Oscillations 
between successive timepoints are apparent that are much larger than the variance between 
successive snapshot measurements performed upon a single leave generated at 30s resolution 
(even and odd indices within a combination.) 
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Figure 3. Results of application of a 1st order Butterworth filter with a cutoff frequency of half the 
Nyquist frequency to the pairwise combinations shown in Figure 2.  Each colored trace represents 
the results of the application of the filter to an individual pairwise combination.  Filtered 
fluorescence lifetime values in ns (y-axis) are plotted by the index of the timepoint (x-axis), for 
convenience of the application of the Butterworth filter that is parameterized by a cutoff frequency 
that is normalized by the Nyquist frequency.  The resolution between each index unit is 15 s.  The 
large oscillations between successive timepoints introduced by interleaving the 30 s resolution data 
series are removed.  
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Figure 4. Mean and standard deviation of filtered combinations (blue line and error bars) overlaid 
on a scatter plot of individual TCSPC snapshot fluorescence lifetime measurements (points, 
multiple colors representing snapshots obtained from a single leaf sample).  Fluorescence lifetime 
values and the resulting filtered mean in ns (y-axis) from TCPSC snapshots are plotted by the 
index of the timepoint (x-axis), for convenience of the subsequent application of the Butterworth 
filter that is parameterized by a cutoff frequency is normalized by the Nyquist frequency.  The 
resolution between each index unit is 15 s. 
 
In order to validate the resulting filtered data series means and uncertainties, the mean and 
standard deviation of the filtered pairwise combinations are plotted for comparison overlaying a 
plot of the naïve mean and standard deviation of the individual traces in Figure 5.  The naïve mean, 
in blue, shows considerable high frequency oscillation, relative to the snapshot-to-snapshot 
variance.  Alternating time points, arising from the 0 s and 15 s phase offset samples at 30 s 
resolution, form a pair of smooth traces, but upon interleaving, the resulting 15 s resolution data 
oscillates with a magnitude similar to the uncertainty of each individual 30 s resolution trace.  In 
comparison, the filtered data plotted in orange appears to average out the oscillation, tracing a path 
intuitively similar the average of successive timepoints from the two 30 s resolution data series.  
The uncertainty generated from the standard deviation is similar to the magnitude of the oscillation, 
effectively capturing an estimate of the variance between the two combined data series. 
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Figure 5. Mean and standard deviation of filtered combinations (orange line and error bars) 
overlaid with the naïve mean and standard deviation of TCSPC snapshot fluorescence lifetime 
measurements (blue line and error bars).  The filtered values trace out smooth curves that eliminate 
the oscillatory behavior that arises from interleaving data from pairs of individual leaf samples, 
with error estimates that are similar in magnitude to the variance between mean traces obtained 
from individual leaves.  Mean fluorescence lifetime values and the associated filtered mean in ns 
(y-axis) from TCPSC snapshots are plotted by the index of the timepoint (x-axis), for convenience 
of the subsequent application of the Butterworth filter that is parameterized by a cutoff frequency 
is normalized by the Nyquist frequency.  The resolution between each index unit is 15 s. 
 
The comparison between the filtered means and the naïve means and associated 
uncertainties also allows for an evaluation of whether the potential for “ringing” characteristic of 
the Butterworth filter’s application to step responses is significant.  The filtered traces faithfully 
remain within the variability between the two 30 s resolution traces, suggestive that the filtering 
of the high frequency components does not generate ringing that would impact subsequent 
analysis.  This is likely due to the particular choice of the cutoff frequency in relation to the 
sampling rate and the Nyquist frequency, that limits the resolution of the underlying data.   
Singular Value Decomposition 
Rich and complex data sets are difficult to interpret.  Often, in spectroscopic measurements of in 
vivo systems, many processes can impact the results of a measurement.  Therefore, an ability to 
isolate the contributions of various dynamical processes is an important aspect of any 
measurement.  This is often the case in the study of photosynthesis and NPQ, where many aspects 
of the complex biological system influence the ability of photosynthetic organisms to adapt to their 
environments.  As discussed throughout much of this work, one challenge involves distinguishing 
the effects on the observed fluorescence lifetimes that arise from the simultaneous induction of 
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quenching processes that are regulated independently or on separate timescales.  Two examples 
this can occur in are the multiple decay exponential decay components of a fluorescence lifetime 
on ultrafast timescales or features of the regulation of quenching during a snapshot lifetime trace 
in response to actinic light over seconds to minutes timescales. 
 Singular value decomposition (SVD) provides one analysis method to determine 
independent features of these data sets.  SVD is often used in signal processing and statistics for 
methods such as principle component analysis (Jackson 1980, 1981), relevant to the analysis of 
spectroscopic measurements for filtering such as in two-dimensional electronic vibrational 
(2DEV) spectroscopy that must deal with highly congested spectra (Lewis 2016). Mathematically, 
SVD is a generalization of eigen decomposition, a factorization of a matrix into eigenvalues and 
linearly independent eigenvectors, that is a common tool in the physical sciences and familiar to 
physical chemists from quantum mechanics.  The SVD of a matrix, 𝑋, involves the factorization 
of 𝑋 into three matrices 
𝑋 = 𝑈Σ𝑉∗ 
that describe two sets of singular vectors (contained in 𝑈 and 𝑉∗) that are similar to eigenvectors 
and a set of singular values (contained in Σ) that are similar to eigenvalues. Imprecisely (to avoid 
technical mathematical jargon), it generalizes the eigen decomposition from a subset of square 
matrices that have special properties (including the Hermitian matrices of quantum mechanics) to 
a more general non-square matrix, as might arise when measuring a relatively small number of 
items (such as the lifetime components of a fluorescence decay, or the response of quenching to a 
light-to-dark transition) repeatedly over time. 
 The utility and interpretation of the singular vectors and singular values depends on the 
structure of the matrix 𝑋. In the analysis of TCSPC snapshot experiments, the structure of 𝑋 
involves structuring the data into rows and columns based on separation of timescales.  In the 
analysis used in Chapter 2, the separation of timescales is the separation between the ultrafast 
timescales of decay components of individual fluorescence lifetime snapshots and the regulatory 
timescales in response to actinic light.  The analysis is also possible for periodic actinic light 
measurements such as those in Chapter 3 based on the separation of between intra-period and inter-
period behavior.  In either case, successive rows of the matrix 𝑋 are formed by tiling the repeated 
measurement (either the ultrafast fluorescence decays themselves, the amplitudes & lifetimes, in 
the case of the analysis of Chapter 2 or the amplitude weighted average lifetime).  This process is 
similar to the analysis of more complicated multi-dimensional spectra such as 2DEV by encoding 
successive 2DEV spectra at different waiting times into successive rows (Lewis 2016).   
 The subsequent example analysis utilizes SVD to separate long timescale dynamics from 
short timescale components, and is similar to Alter et al.’s application of SVD to genomics data 
(Alter et al. 2000). As an example, consider the TCSPC snapshot data collected using periodic 
actinic light presented in Figure 6.  The dynamics of fluorescence lifetimes of A. thaliana leaves 
are plotted over 40 minutes of exposure to periodic actinic light with a 2 minute half-period, 
showing repeated induction and relaxation of quenching for two mutant lines.  Over successive 
periods, the recovery or quenching decreases, showing moderate-to-long timescale dynamics that 
co-occur with fast regulatory dynamics of induction and recovery within each period.  In this case, 
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the separation of timescales used to construct the matrix 𝑋 are the repeated intra-period 
measurements over successive periods.  Considering only a single trace, e.g. from the WT data 
series, the data forms a vector of average lifetime values, ordered as the measurements during 
repeated periods of high light and dark.  This vector can be split into the values of the average 
lifetimes during each period, and reshaped into a matrix where each row is subset of the vector 
from each period.  A visualization is shown in Figure 7, with the resulting matrix X obtained from 
this tiling procedure visualized as a heat map shown in Figure 8. 
 
 
 
Figure 6. Example periodic actinic light TCSPC snapshot traces for SVD analysis.  Average 
fluorescence lifetimes (y-axis) are plotted against the exposure time to periodic actinic light with 
a two-minute half-period represented by the dark and light bars for two mutant lines.  A simple fit 
of the recovery envelope is plotted and the timescales shown in the legend. 
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Figure 7. Visualization of the formation of the matrix X from a vector of average fluorescence lif  
etime values over successive periods.  The vector shown in the top row (bounded by the red 
rectangle) containing data from multiple periods is reshaped into a matrix (bounded by the yellow 
rectangle) by tiling data from successive periods into rows containing just one period. 
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Figure 8. Heat map visualization of the matrix 𝑋 obtained from tiling the WT data series shown 
in Figure 6 via the process shown in Figure 7.  Each row contains the average lifetime values 
obtained by a single period of high and dark light exposure.  Successive rows hold data from 
successive periods.  The left half of columns contain high light quenching induction; the right half 
of columns contain dark quenching recovery. 
 
Upon performing the SVD, visualized in Figure 9, the 𝑈 and 𝑉∗ matricies contain pairs of 
linearly independent singular vectors, each associated with a singular value in Σ, similar to the 
linearly independent eigenvectors and eigenvalues obtained from performing an eigen 
decomposition on a suitable matrix.  The columns of 𝑈 contain singular vectors corresponding to 
multi-period dynamics.  Each column of 𝑈 corresponds to a row of 𝑉∗ containing a singular vector 
describing intra-period behavior.  The singular values, contained in the diagonal matrix Σ in 
monotonically decreasing order are the singular values that weight each pair of singular vectors’ 
contribution to the overall signal contained in 𝑋.   
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Therefore, the largest components of the dynamics are contained in the pair of singular 
vectors present in the first column of 𝑈 and the first row of 𝑉∗ associated with the first and largest 
singular value.  Subsequent pairs of singular vectors and their associated singular values describe 
additional dynamics associated with successive singular values.  Due to the properties of matrix 
multiplication, the product of the three matrices is also equal to the sum of the outer products of 
successive pairs of singular vectors, each weighted by the singular value.  In many applications, 
this allows for filtering of the data by retaining only components with clear dynamical structure 
above a noise floor (Hendler and Shrager 1994).  In the example shown in Figure 9, the first three 
pairs of singular vectors show discernable structure, suggesting the experiment can resolve three 
linearly independent dynamical processes affecting dynamics.  Subsequent singular vectors, that 
make up only a small fraction of the overall dynamics due to their associated singular values, show 
no discernable structure, suggesting they contain noise. 
 
 
Figure 9. Results of performing SVD on the matrix X visualized in Figure 8 via the tiling 
procedure shown in Figure 7 from the TCSPC fluorescence lifetime snapshot data series obtained 
under periodic actinic light exposure shown in Figure 6.  Columns of the matrix 𝑈 contain singular 
vectors describing components of inter-period dynamics.  Rows of the matrix 𝑉∗ contain singular 
vectors describing components of intra-period dynamics.  Singular values are contained in the 
diagonal matrix Σ and occur in monotomically decreasing order.  Therefore, the first column of 𝑈 
and the first row of 𝑉∗ describe the largest components of the dynamics contained in the matrix X.  
In this example, the first three pairs of singular vectors show discernable structure, suggesting the 
data resolves three independent components of dynamics.  Subsequent pairs of singular vectors 
show no discernable structure, suggesting they describe noise. 
 
In addition to simply encoding a single data series into the matrix X, multiple data series 
can be encoded in a similar manner in order to obtain common dynamics shared between the 
multiple data series.  The choice of encoding determines whether either the multi-period dynamics 
or the intra-period dynamics are shared between the encoded data sets.  In order to obtain shared 
multi-period dynamics, the periodic behavior from each data series is included in a row 
corresponding to each period.  For the example in Figure 6 containing data from WT and L17 
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mutant lines, for example, data at common time points can be encoded in pairs, resulting in a vector 
with data from WT at even indices and L17 at odd indices.  The paired data is then tiled in rows 
for each successive period in the same way shown in Figure 7.  Upon obtaining the singular vector 
pairs, the resulting data can be de-coded from the tiled matrix vectors and plotted against time to 
obtain time series traces for the multi-period and intra-period dynamics.  For the multi-period 
dynamics, singular vectors with the length equal to the number of periods are obtained describing 
the common multi-period dynamics shared by both data series.  A single value in a particular left 
singular vector describes a multiplicative factor for the set of intra-period dynamics values 
contained in the corresponding right singular vector.  Using the encoding procedure described 
above, the values at even indices in the right singular vectors contain the intra-period dynamics of 
the WT data series and values at odd indices in the right singular vectors contain the intra-period 
dynamics of the L17 data series.   
This is particularly useful when some knowledge of the underlying physical processes are 
involved – in this case, the L17 mutant overexpresses the PsbS protein that plays a large role in 
the rapid sensing of Delta pH and activation of quenching.  By analyzing the dynamics utilizing 
shared multi-period dynamics, the role of PsbS overexpression in the rapid regulation of quenching 
can be isolated independent of long timescale dynamics that may differ slightly due to complicated 
network feedback effects.  An example of the first singular value pair obtained by encoding the 
WT and L17 data series shown in Figure 6 using the procedure described above, upon subsequent 
decoding of the intra-period behavior, is shown in Figure 10.  The common multi-period dynamics, 
contained in the left singular vector, is plotted with the corresponding light and dark bars showing 
the light and dark actinic light corresponding to each period and the axis is labeled by the index of 
the period.  The decoded intra-period dynamics are for WT (blue) and L17 (green) show that much 
of the difference between the WT and L17 data series can be expressed in the differing right 
singular vector, isolating the contribution of just the difference in the rapid regulation of quenching 
attributable to the excess PsbS in the L17 mutant. 
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Figure 10. First pair of singular vectors for the WT and L17 TCPSC fluorescence lifetime snapshot 
data series obtained under periodic actinic light exposure, encoded into a matrix to extract common 
multi-period dynamics and independent intra-period dynamics.  In the multi-period basis, the 
vector of singular values are plotted against an index corresponding to each period, shown using 
the repeated dark and light bars.  In the intra-period basis, the indices of the right singular vector 
correspond to successive data points obtained within an actinic light exposure period. 
 
The full data series can, conceptually, be reconstructed by computing the outer product of 
the multi-period vector with the intra-period vectors.  The scalar product of the first value of the 
intra-period vector (at index = 0), the intra-period vector, and the first singular value recovers a 
vector of the filtered values of the first period of the data series.  The vector obtained from the 
scalar product of the second value in the multi-period basis (at index = 1), the intra-period vector, 
and the second singular value, can then be appended to the first period vector to obtain a vector of 
the first two periods.  Subsequent periods are obtained similarly and appended to obtain the full 
filtered data series.  In practice, the same values are more easily obtained by masking the matrix Σ 
and computing the matrix product of U, Σ and 𝑉∗, and then decoding the filtered approximation of 
the matrix 𝑋. 
In the case that both the rapid regulation and the longer time scale regulation are impacted 
by a change between the data sets, independent SVDs can be computed, although care must be 
taken to ensure that the singular vectors are comparable.  In principle, the singular vectors are 
unique up to a sign: either both are “positive,” both are “negative,” or the pair are of opposite 
“signs.”  As a vector, individual values may be both positive or negative and the overall sign of 
the vector can be determined from some overall measure, at the simplest, even the first value.  
Negating each value in a pair of singular vectors has no impact upon computing the outer product: 
the signs cancel.  Depending on stability concerns in actually computing the vectors, an algorithm 
may generate singular vectors that differ by a sign from the same matrix 𝑋.  Either a simple parity 
check and choice of convention to assign vectors with the same sign as positive or negative and 
one of the pair of vectors with opposing signs as the negative vector, or more complicated 
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algorithms can be utilized to resolve the sign ambiguity and ensure that direct comparisons 
between independent SVD components can be undertaken (Bro and Kolda 2007). 
 Upon obtaining the filtered multi-period and intra-period dynamics, additional analysis can 
be performed to extract timescales that are not as easily extracted directly from the raw time series 
data.  An example utilizing the encoded SVD of the data series that results in shared multi-period 
left singular vectors follows.  First, for the multi-period data, an additional time component is able 
to be resolved in addition to the simple recovery envelope fit.  Instead of simply evaluating the 
final time point of each period by selecting the maximum recovery value at the dark-to-light 
transition, the left singular vector accounts for the scaling of the entire intra-period dynamics 
during each period, therefore including some aspect of both the changes to the induction dynamics 
and the recovery dynamics.  In addition, a clear set of rapid regulatory dynamics common across 
all the periods is obtained from the intra-period singular vector.  Examples of the fit values 
obtained for both the multi-period singular vector and the intra period singular vectors are shown 
in Figure 11.   
 
Figure 11. Fitting analysis of the first component singular vectors obtained from SVD analysis of 
the WT and L17 TCSPC snapshot average lifetime data series shown in Figure 6.  The first 
component of the multi-period dynamics displays two timescales, a 3 minute and a 2 hour decay.  
The first component of the intra-period dynamics shows distinct induction and relaxation 
timescales, although the induction timescale cannot be reliably determined due to the limited 
resolution of the trial data set. 
 
For the multi-period basis, two timescales are able to be resolved.  One timescale is 
approximately 3 minutes; a second is approximately 2 hours.  These are not resolvable from a 
simple fit of the envelopes themselves.  In the intra-period dynamics, a common timescale of 
induction and recovery across all the periods is obtained, without requiring free parameters or 
greybox fitting of model equations to account for the discrepancies between successive periods to 
the effects of longer timescale dynamics.  The fits indicate that the timescales for induction and 
recovery are similar between the two mutant lines, with much of the discrepancy solely due to the 
� = 3 min
� = 2 hours � < 5 s
� = 30 s
- qZ
- irreversible dynamics
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amplitude of the induction and decays, suggesting that modulating the amplitude of the rapid 
regulation of quenching is a primary effect of the PsbS protein, and the multi-period basis 
dynamics are the result of other regulatory processes such as zeaxanthin accumulation. 
A final caveat of SVD to discuss is the distinction between components of the SVD analysis 
and the underlying physical processes.  SVD components are mathematical representations 
inforumed purely by co-variance of data set, and are not directly connected to the underlying 
physical processes that give rise to a signal.  Although the first component describes the largest 
extent of the data that can be represented by a single pair of singular vectors, the second and third 
components of additional singular vectors essential apply corrections to the first order component.  
It is easily the case that the first component describes not “the most important physical process” 
but rather a linear combination of the behavior of multiple underlying processes, followed by 
secondary components that describe another linear combination of the the same processes to 
achieve the overall dynamics.  While a firm conclusion can be drawn from the presence of multiple 
components apparent relative to noise in the SVD that the dynamics must be described by some 
number of multiple linearly independent processes, there is no guarantee that the particular 
singular vectors form a basis directly from distinct physical processes and not linear combinations 
of the effects of the processes.   
Conclusion 
The study of NPQ in in vivo systems whole leaves using TCPSC fluorescence lifetime snapshots 
generates rich and complex data sets.  Due to the robust systems in plants, it is difficult to 
distinguish the effects of a single process despite the convenient probe of chlorophyll fluorescence.  
The two tools discussed in this chapter are important for analysis of quenching: together, they 
make it practical to obtain data with high time resolution and clear distinction between separate 
elements of the response of the change in fluorescence and quenching behavior in response to 
actinic light.  These two factors are necessary for the development of understanding of the 
quenching process suitable to generate predictive models that can be incorporated into systems 
level models necessary for the engineering of quenching systems to optimize desired 
characteristics. 
To reach an ability to engineer the quenching processes to optimize crop yields, predictive 
models that are valid over a realistic light conditions are necessary.   These models will require a 
multivariate description of the quenching response that relate controllable variables, such as 
varying protein concentrations and expression levels of the regulatory proteins involved, to the 
quenching response in the range of realistic light conditions that vary not only in intensity, but in 
characteristic timescales of fluctuations.  The range of timescales – from the rapid fluctuations of 
light specking in a canopy, to the diurnal fluctuations of light over the course of a day, to the 
seasonal fluctuations over a growth period, may all impact what determines an optimal quenching 
system for a desired result, such as yield.   
Therefore, it is foreseeable that a model must account for the response of the many 
quenching processes over the range of environmental conditions, resulting in large data sets that 
span a multivariate range of conditions.  Filtering allows for the combination of measurements of 
multiple leaf samples at different timepoints into single data series without introducing additional 
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high frequency oscillations that would require repeated measurements on an impractical number 
of samples to achieve similar results, thereby extending the practical length scales of TCSPC 
snapshot measurements and the number of conditions that can be varied.  SVD allows for important 
exploratory analysis of data sets to determine the ability of an experiment to determine distinct 
components, and provides important clues as to the importance of various conditions on different 
elements of the regulatory response.  While both have important caveats that must be considered 
to ensure that results are rooted in physical understanding, they make the rich data sets tractable 
and identify the sensitivity of elements of the response to a particular variable condition. 
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Chapter 5: Conclusion and Outlook 
This work describes several advancements in the development of quantitative models of NPQ 
regulatory dynamics that arise due to the utilization of measurements employing multi-period 
actinic light exposure.   
TCSPC snapshot measurements described in Chapters 2 and 3 both employ multi-period 
actinic light to distinguish elements of the regulatory processes that occur simultaneously upon the 
initial exposure of a photosynthetic system to high light after dark acclimation.  In Chapter 2, the 
use of a second period of actinic light shows that the accumulation of zeaxanthin influences the 
observed timescale of the induction of quenching upon initial exposure to high light, and that the 
recovery of quenching is reduced upon the accumulation of zeaxanthin, in agreement with single 
period measurements that examine relaxation kinetics.  In Chapter 3, this is extended to a periodic 
actinic light exposure sequence that allows for multiple timescales of quenching induction to be 
resolved, that have not previously been measured independently.  The relaxation kinetics are only 
able to identify relative magnitudes of various components, and cannot resolve different induction 
timescales.  However, despite the use of multiperiod actinic light schemes, it still remains difficult 
to distinguish the effects of a single process.  The two tools discussed in Chapter 4 demonstrate 
that sophisticated signal processing and statistical analysis techniques are necessary elements of 
analyzing periodic acclimation snapshot measurements. 
The results described in Chapter 3 indicate that there is an intrinsic timescale to the rapidly 
reversible regulation of quenching of about 15 s in Arabidopsis, for wild type levels concentrations 
of the protein PsbS, and independent of whether the rapidly reversible quenching arises due to 
lutein or zeaxanthin.  The dependence on PsbS concentration is nonlinear: in the absence of PsbS, 
the rapidly reversible quenching does not occur, but at high concentrations, the timescale is 
increased, requiring additional time to transition, but over a greater magnitude of quenching 
values.  Upon dark recovery, the rapidly reversible quenching in the wild type recovers on a 
timescale of about 50 s, but the recovery timescale depends on whether the lutein or zeaxanthin 
dependence gives rise to the rapidly reversible quenching: lutein dependent quenching recovers 
more quickly, despite similar magnitudes (upon overexpression of lutein) and similar induction 
timescales.  Based on results in Chapter 2, upon normalization for concentration, it seems that 
lutein dependent and zeaxanthin dependent rapidly reversible quenching both contribute to the 
overall quenching, but that when operating simultaneously, the overall quenching is greater, 
suggesting that although multiple xanthophylls can dissipate excess excitation energy, specific 
sites are perform optimally with different xanthophylls, both in terms of the ability to quench and 
in regulatory response. 
Results in Chapter 3 also resolve longer timescale regulatory processes that correspond to 
distinct maximum quenching and maximum recovery envelopes upon periodic actinic light 
exposure.  This requires some form of coupling between the rapidly reversible quenching and 
longer timescale quenching processes to occur, suggesting that the different regulatory 
components operate on common quenching sites.   When viewed in light of evidence of the various 
quenching states of LHCII and membrane organization, the various timescales appear to arise due 
to the difference in length scales of reorganization of proteins and membranes.  In addition, the 
longer timescale quenching is found to depend on the PsbS concentration.  This suggests that PsbS 
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influences membrane reorganization ability in addition to its primary function activating rapidly 
reversible quenching.  Isolating quenching components using multi-period actinic light exposure 
reveals the complex, overlapping, and coupled nature of the various regulatory processes 
contributing to observed quenching in A. thaliana, that cannot be distinguished by genetic 
modification alone due to the overlapping roles of different biochemical regulators of quenching 
that include not only zeaxanthin, as commonly understood, but also PsbS. 
Finally, two different constructions of mathematical models demonstrate how kinetic 
schemes can be constructed for various purposes to describe how the regulatory processes 
determine the observed quenching.  The first formulation, described in Chapter 2, allows for 
different isolated contributions from two xanthophylls that play a direct role in quenching can be 
combined to generate an overall quenching response.  The second formulation, described in 
Chapter 3, demonstrates how rapidly reversible quenching processes and longer timescale 
quenching processes that occur simultaneously combine to produce the overall quenching 
response.   
Despite the advances made in this work, to reach an ability to quantitatively engineer the 
quenching processes to optimize crop yields, predictive models that are valid over a realistic light 
conditions are necessary.   These models will require a multivariate description of the quenching 
response that relate controllable variables, such as varying protein concentrations and expression 
levels of the regulatory proteins involved, to the quenching response in the range of realistic light 
conditions that vary not only in intensity, but in characteristic timescales of fluctuations.  The 
mathematical models described in this work here are simple enough to parameterize over a range 
of these conditions; especially the model employed in Chapter 3.  Extracting the parameter 
dependence over a range of light intensities, timescale of light fluctuations, and protein 
concentrations is a key next step in developing models of crop yield that refine the contributions 
of quenching from a purely heuristic model to a quantitatively informed model.  On the other hand, 
a model like that described in Chapter 2 may be useful as an experimental validation of first 
principles models of energy transfer in the photosynthetic membrane that include the presence of 
multiple quenching mechanisms. 
However, despite the potential for predictive power, these types of kinetic models derived 
from TCSPC snapshot fluorescence measurements alone are not sufficient to develop a complete 
understanding of the photosynthetic quenching system.  One example is the recently developed 
snapshot transient absorption measurements that relate observables of quenching mechanisms to 
regulatory timescales.  As of yet, TA snapshots only use simple two exposure period actinic light 
schemes, but with further development, periodic actinic light may provide additional insight.  In 
turn, further development of similar “snapshot” versions of techniques that can relate changes in 
protein conformation dynamics or membrane organization to these regulatory timescales will be 
necessary to fully integrate mechanistic and physical understanding of the regulatory processes 
with kinetic regulatory models.  
